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Studies are performed on the meteorology of the planets Mars and 
Venus. 
MARS 
A thermodynamic diagram for the Martian atmosphere is constructed. 
The diagram is based upon a model atmosphere, consisting of 83% nitrogen, 
11% carbon dioxide, and 6% argon, with a surface pressure of 25 mb. 
Lines of constant pressure, temperature, potential temperature, wet- 
bulb potential temperature, and saturation specific humidity are included 
on the diagram. 
A theoretical study of tides in the Martian atmosphere indicates 
that tidal motions are not likely to play any significant r o l e  in 
Martian meteorology. 
An estimate of the annual radiation budget reveals that below 
0 latitude 35 
there is a deficit. For balance to occur, the average heat transport 
across 35 latitude is about 0.5 x 10 cal min . This is an order of 
magnitude less than the transport required on the Earth. 
there is a surplus of radiational energy, and above 35O 
0 16 -1 
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VENUS 
Improved greenhouse models for the Venus atmosphere are developed 
and discussed. A two-layer greenhouse model, consisting of a troposphere 
wfth arbitrary but co~stanfc lapse-rate of temperature, and an isothermal 
stratosphere in gross radiative equilibrium, is applied to Venus, Mars, 
and Earth. For Venus, the computations indicate that the obserted h%$ =face 
temperatures can be the result of a strong greenhouse effect due to an 
infrared-opaque cloud high in the Venus atmosphere and carbon dioxide 
or other infrared absorbers in the atmosphere 
Estimates of the amount of solar radiation absorbed by carbon 
dioxide in the Venus atmosphere indicate that about 12% of the solar 
radiation (after albedo losses) is absorbed by carbon dioxide's near 
infrared bands. 
On the basis of infrared radiative equilibrium, the temperature 
variation with altitude in the layer between the Venus surface and 
I cloud-base is determined. 
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SECTION 1 
INTRODUCTION 
This F i n a l  Report covers research performed during the  p a s t  year 
on the  Meteorology of Mars and Venus under NASA Contract No. NASw-704. 
The goa l  of t h i s  r e sea rch  i s  t o  inc rease  knowledge about these p l a n e t s  
through a s y n t h e s i s  of a v a i l a b l e  observat ions with appropr i a t e  meteor- 
o l o g i c a l  theory.  
Although t h e  number of u s e f u l  observat ions of p l ane ta ry  atmospheric 
c h a r a c t e r i s t i c s  i s  extremely small compared t o  t h e  number of observat ions 
a v a i l a b l e  f o r  t h e  Ea r th ' s  atmosphere, i t  i s  inc reas ing  a t  an a c c e l e r a t e d  
r a t e .  Proper a n a l y s i s  and i n t e r p r e t a t i o n  of t hese  observat ions i n  t h e  
l i g h t  of appropr i a t e  theory i s  of the utmost importance i n  achieving the  
o b j e c t i v e s  of adequate understanding of p l ane ta ry  atmospheres, proper 
planning of f u t u r e  observat ions of p l ane ta ry  atmospheres, and proper 
design of space v e h i c l e s  t h a t  w i l l  e n t e r  p l ane ta ry  atmospheres. It i s  
r e a l i z e d  t h a t  t he  r e s u l t s  of such research a r e  s u b j e c t  t o  change a s  more 
and more obse rva t iona l  da t a  become a v a i l a b l e .  But t hese  r e s u l t s  r e p r e s e n t  
t h e  b e s t  p o s s i b l e  e s t i m a t e s  of condi t ions and processes  on t h e s e  p l a n e t s ,  
and, although u n c e r t a i n  i n  some r e s p e c t s ,  they s t i l l  a re .  extremely 
u s e f u l  f o r  achieving t h e  above o b j e c t i v e s .  
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During the year a number of topics bearing on the meteorology of 
Mars and Venus were studied. For some of these topics, technical 
reports and articles for scientific journals have been prepared; for 
these topics, only a summary of the research is reported in this report. 
In the case of the remaining topics, detailed discussions are presented 
i r i  this report.  
Research on Mars included studies of tides in the atmosphere, 
thermodynamic diagrams, and the annual radiation budget of the planet. 
Research on Venus included studies of surface and atmospheric temperatures, 
and greenhouse models. These research studies are discussed in the 
remainder of this report. 
2 
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SECTION 2 
METEOROLOGY OF MARS 
2.1 THERMODYNAMIC DIAGRAMS FOR THE MARTIAN ATMOSPHERE 
2.1.1 Introduction. The general purpose of thermodynamic diagrams 
* ,  
is to delineate changes of temperature resulting from compression or 
expansion of atmospheric parcels when the state of one constituent 
changes. For the temperatures and pressures of the atmospherrs of the 
Earth and Mars, water may experience three phases, and carbon dioxide, 
two. Although water and carbon dioxide represent only small fractions 
of the atmospheres of the Earth and Mars, they are important because of 
their temperature effects through phase changes and also through their 
absorption and emission of electromagnetic radiation. Water is the 
substance chosen for adiabatic charts of the Earth's atmosphere, and it 
is used for similar diagrams of Mars' atmosphere (an example of which 
is presented in this report). 
The Mars diagram is patterned after a pseudo-adiabatic diagram for 
the Earth. The contents and uses of the latter will now be summarized. 
The coordinates include some function of pressure, serving as an approxi- 
mate height scale, for the ordinate, and temperature for the abscissa. 
3 
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Other rameters a r e  represented by i s o p l e t h s  of mixing r a t i o  a t  water 
s a t u r a t i o n ,  p o t e n t i a l  temperature (dry ad iaba t s )  , and wet-bulb p o t e n t i a l  
temperature o r  equ iva len t  p o t e n t i a l  temperature ( s a t u r a t i o n  a d i a b a t s ) .  
F=r a given v e r t i c a l  d i s t r i b u t i o n  of pressure,  tem?nrature, and r e l a t i v e  
humidity, a g r e a t  dea l  of  information can be obtained with the  a i d  of an 
a d i a b a t i c  c h a r t .  For each l e v e l  of t he  d i s t r i b u t i o n  the following quan- 
t i t i e s  can be found: black-body r a d i a t i o n ,  s a t u r a t i o n  vapor pressure,  
a c t u a l  vapor pressure,  mixing r a t i o  o r  s p e c i f i c  humidity, dew point ,  
p re s su re  and temperature a t  t h e  l i f t i n g  condensation l e v e l ,  wet-bulb 
temperature, equivalent  temperature, and approximate height  above sea 
level.  An a n a l y s i s  of t he  e n t i r e  v e r t i c a l  d i s t r i b u t i o n  can y i e l d  the 
fol lowing elements: thermal s t a b i l i t y  ind ices ,  d i s t r i b u t i o n  and amounts 
of p o s i t i v e  energy a v a i l a b l e  for convection and negat ive energy, o r  work 
t o  be done by forced u p l i f t ,  pressures  and temperatures a t  t he  convection 
condensation l e v e l  and a t  t he  l e v e l  of f r e e  convection, convection tem-  
pe ra tu re ,  a i r  mass i d e n t i f i c a t i o n ,  pressures  and temperatures a t  a f r o n t  
a l o f t  and a t  the tropopause, approximate height  of t he  base of a sub- 
s idence l a y e r  and the  th i ckness  of  a turbulence l aye r ,  e t c .  (Most of 
t h e s e  elements a r e  def ined i n  meteorology textbooks,  such a s  Holmboe, 
Forsythe,  and Gustin,  1945.) 
The composition and p res su re  of t h e  Martian atmosphere must be spec- 
i f i e d  before  curves can be drawn t o  make an a d i a b a t i c  diagram f o r  Mars. 
Since t h e  concentrat ions of t h e  atmospheric gases  and the mean s u r f a c e  
p re s su re  a r e  not  a c c u r a t e l y  known, model atmospheres must be assumed. 
4 
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Some diagrams were based on a model by Grandjean and Goody, which i n d i -  
cated 2% carbon dioxide by volume and t h e  remaining 98% c o n s i s t i n g  of 
mostly n i t rogen  p lus  t r a c e s  of o the r  c o n s t i t u e n t s ,  including water, f o r  
a s u r f a c e  pressure of 85 mb. Another diagram was prepared f o r  the same 
concentrat ions,  b u t  w i t h  20 mb pressure a t  t h e  su r face .  The diagram 
presented i n  t h i s  r e p o r t  is based on "assumption b," a new model by 
Kaplan, Munch, and Spinrad (1964): which c a l l s  f o r  a su r face  pressure 
of 25 mb, based on measurements of CO bands near 8700 and 2pG This 
pressure c o n s i s t s  of p a r t i a l  pressures  equal  t o  19 mb of n i t rogen ,  4 mb 
of carbon dioxide,  and 2 mb of argon 40, plus  t r a c e s  of o t h e r  components, 
including a t o t a l  p r e c i p i t a b l e  water content  of on ly  14p. This assump- 
t i o n  was chosen because Kaplan e t  a l .  p re fe r r ed  i t  t o  t h e i r  "assumption 
a," which s p e c i f i e s  p r imar i ly  an argon atmosphere by interchanging the 
2 
p a r t i a l  p re s su res  of n i t rogen  and argon. 
The accompanying t a b l e  of the important thermodynamic cons t an t s  
g ives  a comparison between the "assumption b" atmosphere of Mars and dry 
a i r  of t he  E a r t h ' s  atmosphere. A l l  of the l i s t e d  cons t an t s  except the 
molecular weight a r e  sma l l e r  f o r  Mars than f o r  Earth,  However, none of 
the cons t an t s  f o r  Mars and Earth d i f f e r  by more than 5% except the accel-  
e r a t i o n  of g r a v i t y .  Hence, a diagram f o r  t he  Martian atmosphere can be 
made q u i t e  s i m i l a r  t o  the a d i a b a t i c  diagram f o r  the E a r t h ' s  atmosphere 
The su r face  pressure on Mars i s  s t i l l  n o t  known with any p r e c i s i o n ,  
Although the  accompanying diagram i s  based on 25  mb, a r ecen t  measurement 
of t h e  1 . 6 7 ~  CO band l e d  Kuiper t o  propose the value of 10 mb ( G C A ,  1964), 2 
5 
Table 2 . 1  
Comparison of thermodynamic cons t an t s  f o r  
atmosphertsc of Mars and Earth.  
Constant Earth Mars Atmosphere Mars-Earth Symbol "Dry A i r "  "Assumption b" Ear th  
Molecular weight 
Snec i f l c  
gas cons tan t  
S p e c i f i c  h e a t  a t  
cons tan t  p re s su re  
S p e c i f i c  h e a t  a t  
cons tan t  volume 
Accelera t ion  of 
:; r a v  i t y 
Poisson 
+ cons tan t s  
Rat io  of molecular  
v e i g h t s  of w a t e r  and 
atmosphere 
m 28.97 
c ( c a l  gm-ldeg-') 0.240 
c ( c a l  gxn-ldeg-l) 0.171 
P 
V 
g(m sec-2j 9.80 
1.400 
0.286 
E = mv/m 0.622 
30.52 
0.0652 
0.231 
0.166 
3.75 
1.393 
0.282 
0.593 
+ 5% 
- 5% 
- 4% 
- 3% 
- 62% 
- >.5% 
- 1% 
- 5% 
6 
2.1.2 Representat ion of Q u a n t i t i e s  on the Mars Diagram. A br i e f  
legend i d e n t i f i e s  t he  curves drawn on the  accompanying thermodynamic 
diagram, F igu re  2.1, f o r  t he  Martian atmosphere. 
' '\ 
The o r d i n a t e  i s  chosen a s  -log(p t o  r ep resen t  a s c a l e  of approxi- 
L P d  
mate h e i g h t  above t h e  su r face ,  a s  suggested by t h e  hypsometric formula, 
where z i s  the  he igh t  above the su r face  of Mars, R i s  the  s p e c i f i c  gas 
c o n s t a n t ,  g i s  t h e  a c c e l e r a t i o n  of g r a v i t y ,  and T i s  the mean v i r t u a l  
temperature between t h e  l e v e l s  defined by p ,  the  p re s su re ,  and p the 
s u r f a c e  pressure.  Since clouds,  perhaps of water o r  i c e ,  have been 
m 
O? 
observed a t  a he igh t  of about 30 km, where E is  approximately 0 , 1 ,  the 
PO 
o r d i n a t e  i s  extended through t w o  logarithm cyc le s  t o  the  base 10, The 
Corresponding p res su re  ranges from 25 mb t o  mb- Scales  of and of 
PO 
p a r e  suppl ied on the diagram's r i g h t  and l e f t  margins, r e s p e c t i v e l y  
The absc i s sa  i s  a l i n e a r  s c a l e  of temperature- with values  labeled 
0 0 i n  C a t  t h e  top  of t he  diagram and i n  both 
temperature range i n  t h e  diagram i s  from + 3OoC (303'K) down t o  - 150°C 
(123 K) t o  accommodate t h e  low temperatures of t h e  Martian atmosphere. 
Since black-body r a d i a t i o n ,  E ,  i s  a f u n c t i o n  of temperature on ly ,  t h e  
corresponding va lues  of E could a l so  be labeled along the  T s c a l e  i n  
accordance wi th  t h e  formula, 
K and OC a t  t he  bottom, The 
0 
4 E = o T  , 
7 
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Y O  P/a for p-=25mb 0 0  ,. 
. .  
where o i s  the Stefan-Boltzmann cons tan t .  -2 n advantage of p l o t t i n g  t h i s  
c 
diagram on semi-log paper i s  t h a t  i t  y i e l d s  an a rea ,  [ 
s t r i c t l y  propor t iona l  t o  thermodynamic energy o r  work. 
The f i r s t  s e t  of curves t o  be discussed a r e  needed on the  diagram t o  
r ep resen t  t h e  amount of water  vapor f o r  s a t u r a t i o n  wi th  r e s p e c t  t o  water .  
L V W  p L c a J U L C J  oii ?.krs, the SaturatiGr, specific h.J-,idities, uuT n.-- &-  L" tflS le-- --,.........-,.- 
R ~ ,  a t  t h e  h igher  temperatures cannot be approximated by the  s a t u r a t i o n  
mixing r a t i o s ,  w (an approximation used f o r  t h e  E a r t h ' s  atmosphere).  
This  de r ives  from t h e  f a c t  t h a t  a s  the  s a t u r a t i o n  vapor p re s su re ,  e w s  ' 
approaches the  t o t a l  p ressure ,  p ,  the s a t u r a t i o n  s p e c i f i c  humidity 
approaches un i ty  whereas t h e  s a t u r a t i o n  mixing r a t i o  inc reases  without  
l i m i t  as i t s  denominator approaches zero.  For t h e  purpose of  de r iv ing  
s a t u r a t i o n  a d i a b a t s  l a t e r ,  t h e  s a t u r a t i o n  s p e c i f i c  humidity was chosen 
f o r  i s o p l e t h  cons t ruc t ion  (because the  process  r e f e r s  t o  a u n i t  mass of 
a i r ,  inc luding  t h e  vapor) .  Since s p e c i f i c  humidity determines mixing 
r a t i o  uniquely,  t h e  i s o p l e t h s  could be labe led  i n  terms of s a t u r a t i o n  
mixing r a t i o s  i f  des i red .  
w s  
equal  t o  1, 2 ,  3 ,  5, and 
%S 
The procedure was t o  choose values of 
0 1 2 10 t i m e s  10 , 10 , and 10 g/kg ( r a t h e r  evenly spaced logari thms of q 
t o  g ive  a roughly uniform inc rease  of T ) .  The e was computed from t h e  
formula 
S 
ws 
9 
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where E = m /m = 0.590. 
(Tist, 1958, Table 9 4 ) ,  t abula ted ,  and p l o t t e d  aga ins t  p f o r  each chosen 
ss va ue. Temperatures w e r e  used down t o  the  lower l i m i t  of t he  t a b l e ,  
- 50 C t o  cover the  p o s s i b i l i t y  of supercooled water  c louds,  which a r e  
known t o  occur  a t  t he  same temperatures i n  the  E a r t h ' s  atmosphere. The 
The corresponding va lues  of T were looked up 
V 
0 
c o r r e c t i o n  f a c t o r ,  f ( L i s t ,  1958, Table 891, was o m i t t e d  because i t s  
depa r tu re  from u n i t y  was less than percentage e r r o r s  a r i s i n g  from an 
W 
i nexac t  model a t r a sphe re .  
w i th  a d i a b a t i c  pressure  changes. The l a s t  curve on the  r i g h t  r e p r e s e n t s  
t he  case  of s a t u r a t i o n  vapor pressure e equal  to  the  t o t a l  p ressure ,  p 
Hence, it i s  a curve of T versus  e ( read  on the  p s c a l e ) ,  and T is  the  
b o i l i n g  poin t .  The low pressure  on Mars makes t h e  b o i l i n g  po in t  low. 
S t a r t i n g  a t  21.loC f o r  25 mb ( the  su r face ) ,  it drops t o  O°C f o r  6 , 1  mb 
The curves of R~ give  the  dew po in t  changes 
w s  
W S  
( a t  about 20 km), t h e  " t r i p l e  po in t , "  where a l l  t h r e e  phases of water  
can exis t  i n  equi l ibr ium.  For temperatures above the  b o i l i n g  po in t ,  no 
s a t u r a t i o n  and presumably no water  clouds can occur ,  s i n c e  
< loo%, e e p < ewS, o r  - e w s  
where e is  the  ambient vapor pressure.  Because of the  small water  vapor 
concent ra t ions  on Mars, it is  doubtful  i f  t h e r e  i s  enough to  produce water  
c louds  a t  any temperature (above - 5OoC). 
The second s e t  of curves  f o r  the diagram rep resen t  qis3 the  sa tu ra -  
t i o n  s p e c i f i c  humidity wi th  r e spec t  t o  i c e .  These curves were made t o  
ove r l ap  the  f i r s t  s e t  of curves ,  fo r  q i n  the  temperature range from w s  ' 
10 
. -  
I 
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0 0 - 50 C up t o  0 C, where e i t h e r  i c e  o r  supercooled water  c louds could 
occur .  The low temperatures i n  t h e  Martian atmosphere j u s t i f y  the  exten- 
s i o n  of the  i c e  s a t u r a t i o n  da ta  t o  - 100 C on the  diagram. 
the  l a r g e  range i n  temperature,  
0 Because of 
- 3  values  run the  gamut from 10 t o  ‘is 
g/kg, t he  l a t t e r  g iv ing  T versus e 
The qis l i n e s  were prepared i n  t h e  same way a s  the  Q~ l i n e s :  
t he  ice s a t u r a t i o n  vapor is ’ 
pressure .  
by use of t h e  formula, 
Tables were used a s  before  ( L i s t ,  1958, Table 9 6 ) ,  and the  f i  f a c t o r  
( L i s t ,  1958, Table 90) was rounded of f  t o  un i ty .  
a q i s  
the pws curve of the  same va lue  because 
0 For a given T < 0 C ,  
curve appears  h ighe r  on the  diagram, o r  a t  a lower pressure ,  than 
e < e for T < OOC . i s  w s  
0 curve a t  T = 0 C and 
g w S  
However, t he  qis curve meets i t s  corresponding 
ends the re ,  s i n c e  i c e  cannot have a temperature g r e a t e r  than 0 C.  The 
curves g ive  t h e  f r o s t  po in t  i n  terms of p re s su re  f o r  dry a d i a b a t i c  ‘is 
pqocesses. 
0 
The next  s e t  of curves  r ep resen t s  t he  dry ad iaba t s ,  which g ive  t h e  
r e l a t i o n  between T and p f o r  a d i a b a t i c  processes  without  subl imat ion,  
condensat ion,  o r  evapora t ion ,  namely a t  cons tan t  p o t e n t i a l  temperature ,0:  
11 
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where R i s  the  s p e c i f i c  gas constant  f o r  t he  atmospheric mixture and c 
i s  t h e  s p e c i f i c  h e a t  a t  constant  pressure.  Since K = 0.282 f o r  the se l ec -  
t e d  mode l  atmosphere of Mars, it can be approximated by K =-, the  same 
exponent used f o r  dry a d i a b a t s  f o r  t he  E a r t h ' s  stmosphere. 
def ined a s  t h e  temperature of a i r  reduced d ry  a d i a b a t i c a l l y  from p res su re  
p t o  p re s su re  pn, e on the  Mars diagram is  the  same a s  8 on t h e  Ea r th  
Hence, t he  dry a d i a b a t s  on the  E a r t h ' s  a d i a b a t i c  on ly  i f  
c h a r t  may be used without any modif icat ion on a Mars diagram. However, 
i t  was considered more appropr i a t e  t o  de f ine  p a s  25 mb i n  the  accom- 
panying diagram. 
a d i a b a t s  and t h e i r  l a b e l s  a r e  n o t  a f f e c t e d  a s  long a s  the  o r d i n a t e  s c a l e  
P 
2 
7 
Since Q is 
- 
= 1?00 mb. 
P o  
0 
Regardless of what value of po i s  s e l e c t e d ,  t h e  d ry  
I 
l abe led  p/po i s  used ( r i g h t  margin) and i f  p 
f o r  t h e  d e f i n i t i o n  of  8. 
is  the r e fe rence  p res su re  0 
0 The d r y  ad iaba t s  w e r e  drawn f o r  1 0 K  i n t e r v a l s  
f o r  130°K 5 8 5 400°K, 20K0 f o r  400°K - -  < 8 < 800°K, and 50K0 f o r  800°K 
< - 8 - < 110O0K. Since the  d ry  ad iaba t s  a r e  no t  s t r a i g h t  l i n e s  on t h i s  
semi-log diagram, they w e r e  drawn o r i g i n a l l y  on log-log paper a s  s t r a i g h t  
l i n e s  and then transposed po in t  by po in t  t o  save the t r o u b l e  of computing 
a l o t  of po in t s .  
The f i n a l  se t  of curves r ep resen t s  t h e  i c e  s a t u r a t i o n  ad iaba t s :  
o r  curves of con- 
*W' 
curves  of  cons t an t  wet-bulb p o t e n t i a l  temperature,  
s t a n t  equ iva len t  p o t e n t i a l  temperature,@ . They show the  temperature 
changes when a d i a b a t i c  p re s su re  changes cause subl imat ion,  with the  
r e l e a s e  o r  consumption of t h e  l a t e n t  h e a t  of subl imat ion reducing t h e  
dry a d i a b a t i c  temperature changes. Sublimation was chosen i n s t e a d  of 
e 
I 
I 
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condensat ion,  used on Ear th  diagrams, because of t he  lower temperatures 
i n  t h e  Martian atmosphere. The i c e  s a t u r a t i o n  a d i a b a t s  were cons t ruc ted  
from the  approximation formula, 
Li 
(CIT)~ = - d q i  s 
P 
¶ 
where (dT) is  the  i s o b a r i c  temperature inc rease  r e s u l t i n g  from a de- 
c r e a s e  of -dqis i n  s a t u r a t i o n  s p e c i f i c  humidity wi th  subl imat ion.  
r a t i o ,  L. /c  on Mars i s  2.93 and 2.94 x 10 C a t  0 and - 53 C ,  respec- 
t i v e l y .  For ease  i n  computation, the va lue  of 3x10 C was chosen. This  
P 
The 
3 0  0 
= P  
3 0  
means t h a t  f o r  every 1 g/kg sublimated, t h e r e  is  a temperature r i s e  of 
3C above the  temperature of t he  dry ad iaba t .  To a l low f o r  t he  d i f f e r -  0 
ences i n  s lope  of t he  dry ad iaba t s ,  ha l f  of t he  temperature r i s e  was 
app l i ed  a t  t h e  bottom of a l a y e r  and the  o t h e r  h a l f  a t  t h e  top  of t he  
l a y e r ,  t he  th ickness  of which is defined by a given drop of ice sa tu ra -  
t i o n  s p e c i f i c  humidity.  To be c o r r e c t l y  drawn, t he  s lope  of each 
s a t u r a t i o n  ad iaba t  had t o  be in te rmedia te  between the  s lopes  of t he  
s a t u r a t i o n  s p e c i f i c  humidity curves and of t h e  dry  ad iaba t s .  A t  t he  
h ighe r  temperatures ,  t he  s a t u r a t i o n  a d i a b a t s  a r e  nea r ly  p a r a l l e l  to  the  
humidity curves ,  bu t  a t  low temperatures they become p a r a l l e l  t o  t he  
d r y  a d i a b a t s ,  due to  t h e  very  small amount of moisture  a v a i l a b l e  f o r  
subl imat ion  even a t  s a t u r a t i o n .  Consequently, t h e r e  is  a marked diver-  
gence i n  the  s a t u r a t i a a d i a b a t s ,  drawn f o r  every 5 C  a t  25 mb, bu t  0 
appearing f a r t h e r  a p a r t  ( g r e a t e r  T d i f f e r e n c e )  a t  lower pressures .  The 
W 
s a t u r a t i o n  a d i a b a t s  a r e  labe led  i n  terms of equa l ly  spaced va lues  of 6 
from -60 C t o  0 C,  r a t h e r  than i n  Qe, whose i n t e r v a l s  between success ive  0 0 
values  r a p i d l y  inc rease  wi th  T. 
13 
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The fou r  s e t s  of curves  f o r  t he  Mars diagram descr ibed above a r e  
q u i t e  s i m i l a r  t o  the  curves on the  Earth diagrams. However, a b ig  
d i f f e r e n c e  between the  p l ane t s  appears when the  he igh t  s c a l e  f o r  Mars 
is  compared wi th  the  Ea r th ' s  h e i g h t  s c a l e  because the  g r a v i t y  on Mars 
i s  only  38% of the Ear th ' s  g rav i ty .  (See accompanying Table2.1)A model 
temperature  v a r i a t i o n  wi th  pressure  was p l o t t e d  on t h e  Mars diagram, 
The s u r f a c e  temperature was assumed t o  be 230°K ( - 4 3 ° C ) .  
was assumed t o  be dry a d i a b a t i c  up to a tropopause a t  an assumed he igh t  
of 20 km, above which the  Martian s t r a tosphe re  was chosen t o  be i s o t h e r -  
mal. The d r y  a d i a b a t i c  l apse  r a t e  f o r  Mars i s  
The l apse  r a t e  
_ _ - -  - dT  = 3.65 Ko/km, 
dz c 
P 
Yd 
about 1/3 of t h a t  of t h e  e a r t h .  
The temperature a t  z > - 20 km i n  t h i s  hypo the t i ca l  sounding i s  
152.2OK (- 120.8OC). A t  20 km, p/po is ,236. The formulas used f o r  
computing 
( 
where t h e  
the  p re s su res  a t  chosen he igh t s  were 
7 
s u b s c r i p t  0 r e f e r s  
y#- 201ar?) 
p20 T20 I =  P = exp [- 
1 - .01691 z km-' f o r  z < - 20 km, 
to t h e  su r face  of Mars, and 
1 -  1 exp [ - .09067 km- (z-2Okm) f o r  z > 20 km, 
where t h e  s u b s c r i p t  20 r e f e r s  t o  the 20-km l e v e l .  The diagram shows t h a t  
t he  he igh t  s c a l e  i s  nea r ly  inva r i an t  f o r  i ts  e n t i r e  range from the  su r face  
t o  about  55 km. 
14 
. .  
Futu re  thermodynamic diagrams for Mars w i l l  improve a s  o u r  knowledge 
of t h e  Martian atmosphere inc reases .  
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2.2 TIDES IN THE ATMOSPHERE OF MARS 
NOTE: The subject matter of this section has been 
treated in detail in the following technical 
report under the present contract. 
Craig, Richard A., 1963: Tides in the Atmospheres 
nf Ear th  and Mars. 
Contract NASw-704, 45 pp. 
CXA Technical Report No.63-26-N, 
We present here the background and a summary 
of the reported work; €or a complete discus- 
sion, consult the technical report. 
The expression atmospheric tides is generally used to refer to 
atmospheric oscillations whose periods are equal to or sub-multiples of 
the solar or lunar day, regardless of whether the oscillations are grav- 
itationally or thermally excited. The theory of tides in the Earth's 
atmosphere has a long history and has claimed the attention of such men 
as Laplace, Kelvin, Rayleigh, Margules, Lamb, Chapman, 'Taylor, and Pekeris. 
One reason for this interest in the relatively small oscillations involved 
is the rather surprising observation that in our atmosphere the solar 
semi-diurnal tide predominates over the lunar tide (with its stronger 
gravitational excitation) and the solar diurnal tide (with its stronger 
thermal excitation). Although all the details of this phenomenon are 
not clearly understood, it now appears that the predominance of solar 
tides over lunar is due to the importance of thermal excitation and that 
16 
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the r e l a t i v e  s t r e n g t h  of t h e  s o l a r  semi-diurnal o s c i l l a t i o n  results from 
a p e c u l i a r  response of our atmosphere t o  t h e  pe r iod ic  hea t ing .  There i s  
no reason t o  b e l i e v e  t h a t  the theory,  which n e c e s s a r i l y  con ta ins  many 
s i m p l i f i c a t i o n s ,  i s  inadequate and one m a y  apply i t  with reasonable con- 
f idence  t o  t h e  atmospheres of o t h e r  p l ane t s .  The h i s t o r y  and present  
s t a t u s  of t i d a l  theory has  been reviewed r e c e n t l y  by S i e b e r t  (1961), t o  
whose work t h e  r eade r  i s  r e f e r r e d  f o r  f u r t h e r  d e t a i l s .  
The p l a n e t  Mars is  one f o r  which t h e  a p p l i c a t i o n  of t i d a l  theory 
appears  t o  have some i n t e r e s t .  The r e l a t i v e l y  l a r g e  d i u r n a l  temperature 
v a r i a t i o n  t h a t  i s  i n f e r r e d  f o r  t he  su r face  of Mars raises the  quest ion 
of t h e  response t h e r e t o  of t he  Martian atmosphere. Both Mintz (1961) and 
Ohring and Cote '  (1963) have speculated on the  p o s s i b i l i t y  of an impor- 
t a n t  d i u r n a l  o s c i l l n c i o n  i n  the Martian atmosphere. The purpose of t h i s  
r e sea rch  i s  t o  i n v e s t i g a t e  such a p o s s i b i l i t y  with t h e  a i d  of s tandard 
t i d a l  theory.  
The theory l eads  t o  two ordinary d i f f e r e n t i a l  equa t ions ,  Laplace 's  
t i d a l  equa t ion  and the  r a d i a l  equation. Both con ta in  a cons t an t  h ,  which 
arises i n  t h e  s e p a r a t i o n  of v a r i a b l e s  i n  an earlier p a r t i a l  d i f f e r e n t i a l  
equat ion.  
I n  t h e  study of t i d a l  o s c i l l a t i o n s ,  one f i r s t  s p e c i f i e s  a per iod 
which i s  equal  t o  o r  a submultiple of t h e  s o l a r  day ( i n  our atmosphere 
one i s  a l s o  i n t e r e s t e d  i n  periods s i m i l a r l y  r e l a t e d  t o  t h e  lunar  day, but 
. .  
f s p e c i f i e d  wave number, Laplace 's  t i d a l  equat ion has  a series of s o l u t i o n s  
i n  the  form of Hough's func t ions ,  with each of which i s  a s soc ia t ed  a par-  
t i c u l a r  value of h ,  c a l l e d  a n  equivalent  depth.  Each of t hese  s o l u t i o n s  
i s  spoken of as a mode of o s c i l l a t i o n  and desc r ibes  the  l a t i t u d i n a l  be- 
hav io r  of t h e  o s c i l l a t i o n .  Because the r a t i o  of the length of the s o l a r  
day t o  t h e  length of t h e  s i d e r e a l  day is  e s s e n t i a l l y  the  same on Mars a s  
on Ea r th ,  a given mode of o s c i l l a t i o n  h a s  e s s e n t i a l l y  the s a m e  form i n  
the  two atmospheres. On t h e  o t h e r  hand, t h e  equ iva len t  depth correspond- 
i n g  t o  a given mode of o s c i l l a t i o n  i s  less on Mars than on Earth because 
of d i f f e r e n c e s  i n  r a d i u s  and mass of t h e  p l a n e t s .  
1 .  
I n  t h e  case of free o s c i l l a t i o n s  (not g r a v i t a t i o n a l l y  o r  thermally 
fo rced ) ,  the r a d i a l  equat ion i s  so lub le  f o r  only one or  two va lues  of h ,  
which are spoken of as eigenvalues .  The number and magnitude of t h e  
eigenvalue(s)  depend on t h e  average v e r t i c a l  temperature d i s t r i b u t i o n .  
The E a r t h ' s  atmosphere has  only one such eigenvalue with a value of 
about 10 km. The E a r t h ' s  atmosphere would have a second eigenvalue o f  
about 8 km i f  t h e  temperature near the s t r a topause  w e r e  as high as w a s  
once thought l i k e l y .  The temperature d i s t r i b u t i o n  i n  t h e  Martian atmos- 
phere i s  no t  w e l l  known. The temperature i s  bel ieved t o  decrease upward, 
more r a p i d l y  near  the su r face  than a t  h ighe r  l e v e l s .  For a model atmos- 
- phere embodying these  f e a t u r e s ,  t h e  Martian atmosphere a l s o  has  one eigen-  
value of about 20 km. This value does not  depend very c r i t i c a l l y  on t h e  
exac t  temperatures t h a t  are assumed. A second eigenvalue might ar ise  i f  
t h e  temperature d i s t r i b u t i o n  a t  s t i l l  h ighe r  l e v e l s  were of a r a t h e r  
s p e c i a l  c h a r a c t e r ,  but  t h i s  p o s s i b i l i t y  has not  been explored.  
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The importance of the eigenvalues i n  t i d a l  theory i s  as follows: 
i f  an e x c i t e d  mode of o s c i l l a t i o n  happens t o  have an equ iva len t  depth 
whose value i s  very c l o s e  t o  one of the eigenvalues ,  then t h a t  mode w i l l  
be g r e a t l y  amplif ied by resonance e f f e c t s ,  A comparison of t he  equ iva len t  
depths  on Mars f o r  modes t h a t  might be e x c i t e d  by solar hea t ing  w i t h  the 
eigenvalue i n f e r r e d  f o r  t h e  Martian atmosphere i n d i c a t e s  t h a t  no resonance 
magnif icat ion i s  t o  be expected. 
T i d a l  o s c i l l a t i o n s  on Mars might a r i se  from the  r a t h e r  l a r g e  d iu rna l  
temperature v a r i a t i o n  near  the surface t h a t  i s  i n f e r r e d  from theory and 
observat ion.  This p o s s i b i l i t y  has  been considered,  and it  appears  highly 
improbable t h a t  t he  amplitude of t h e  r e s u l t i n g  d i u r n a l  surface-pressure 
o s c i l l a t i o n  ( r e l a t i v e  t o  t h e  t o t a l  surface p re s su re )  exceeds the  amplitude 
of E a r t h ' s  semi-diurnal o s c i l l a t i o n .  I f  t h i s  conclusion i s  c o r r e c t ,  t i d a l  
o s c i l l a t i o n s  a r i s i n g  from t h i s  cause are no t  l i k e l y  t o  play any s i g n i f i c a n t  
r o l e  i n  t h e  Martian general  c i r c u l a t i o n .  
T i d a l  o s c i l l a t i o n s  might a l s o  a r i s e  from d i u r n a l  o r  semi-diurnal 
temperature o s c i l l a t i o n s  caused by per iodic  r a d i a t i v e  processes  occurr ing 
through deep l a y e r s  of t he  Martian atmosphere. I n  our present  s t a t e  of 
knowledge about t he  composition o f  t h e  Martian atmosphere, one cannot be 
s u r e  about t h e  amplitude of such temperature o s c i l l a t i o n s ,  bu t  they are  
probably t o o  small t o  e x c i t e  s i g n i f i c a n t  t i d a l  motions. I f  t h e  atmos- 
phere should con ta in  ozone i n  amounts g r e a t e r  than now suspected (o r  any 
o the r  gas t h a t  absorbs s i g n i f i c a n t  amounts of s o l a r  r a d i a t i o n ) ,  then t h i s  
t e n t a t i v e  conclusion would have t o  be re-examined. 
19 
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Thus, i n  t he  context  of present  i n fe rences  about temperature and 
composition of t he  Martian atmosphere, t h e r e  i s  no reason t o  expect t h a t  
t i d a l  motions play an important r o l e  i n  t h e  meteorology of Mars. 
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2 . 3  ANNEAL RADIATION BUDGET FOR MARS . .  
2 .  3 .1  lnrroduction 
Over the  course of a year ,  t h e  amount of s o l a r  r a d i a t i o n  received 
by a p l ane t  is balanced by the  amount of i n f r a red  r a d i a t i o n  emit ted by 
t h e  p l ane t .  However, a t  any one time, o r  a t  any one loca t ion ,  incoming 
s o l a r  r a d i a t i o n  does not ,  i n  gene ra l ,  equal  outgoing i n f r a r e d  r ad ia t ion .  
The l a r g e  scale v a r i a t i o n s  of t he  d i f f e rence  between incoming and out- 
going r a d i a t i o n  r ep resen t  h e a t  energy sources  and s inks ;  these  sources 
and s i n k s  a r e  the  d r iv ing  f o r c e s  of the genera l  c i r c u l a t i o n  of a plane- 
t a r y  atmosphere, and knowledge of t h e i r  magnitude and d i s t r i b u t i o n  is a 
b a s i c  requirement f o r  an understanding of p lane tary  c i r c u l a t i o n s .  
The ne t  incoming s o l a r  r a d i a t i o n  a t  t he  top  of t he  Martian atmo- 
sphere is s o l e l y  a func t ion  of t h e  s o l a r  cons tan t ,  solar-Mart ian geome- 
t r y ,  and Martian p lane tary  albedo. 
geometry a r e  w e l l  known; t h e  Martian p lane tary  albedo, and, i n  p a r t i c u l a r ,  
i ts  v a r i a t i o n s  wi th  l a t i t u d e  and season a r e  known t o  a l e s s e r  degree of 
accuracy. The outgoing r a d i a t i o n  depends upon the su r face  temperatures,  
and the  composition and temperatures of t he  atmosphere. Both composi- 
t i o n  and temperature,  e s p e c i a l l y  v a r i a t i o n s  with l a t i t u d e ,  a l t i t u d e ,  and 
season, a r e  not  known very w e l l ;  however, t h e r e  is s u f f i c i e n t  information 
a v a i l a b l e  t o  a l low cons t ruc t ion  of atmospheric models t h a t  can be used 
f o r  prel iminary es t imates  of t h e  r a d i a t i o n  budget. 
examination of the  problem, we s h a l l  a t tempt  t o  o b t a i n  a prel iminary 
es t imate  of t h e  annual r a d i a t i o n  budget of Mars - t h e  average v a r i a t i o n  
The s o l a r  cons tan t  and the  requi red  
I n  the  present  
2 1  
_ *  
with  l a t i t u d e  of incoming and outgoing r a d i a t i o n  a t  t he  top  of the  
Martian atmosphere. 
2 .3 .2  Methodolopy. 
The v a r i a t i o n  of incoming s o l a r  r a d i a t i o n  with l a t i t u d e  a t  t he  
top  of t h e  Martian atmosphere - before c o r r e c t i o n  f o r  albedo l o s s e s  - 
was computed some t i m e  ago by H l a n k o v i t c h  (1920). 
shown i n  column 2 of Table2.2and a r e  based upon a s o l a r  cons t an t  of 
2 cal The v a r i a t i o n  
of  Mart ian p lane tary  albedo wi th  l a t i t u d e  has  r e c e n t l y  been est imated 
by Sagan (1964), and the  average hemispheric v a r i a t i o n  is shown i n  
Table 2.2. By mul t ip ly ing  the  incoming s o l a r  r a d i a t i o n  by (1 - A) ,  
where A is the  albedo, one can o b t a i n  t h e  l a t i t u d i n a l  v a r i a t i o n  of 
n e t  incoming r a d i a t i o n ,  which is t h e  incoming p a r t  of the  r a d i a t i o n  
budget , 
These values a r e  
min-' a t  t h e  E a r t h ' s  d i s t ance  from the  Sun. 
To determine the  outgoing r a d i a t i o n ,  knowledge is r equ i r ed  of 
t he  mean l a t i t u d i n a l  v a r i a t i o n  o f  sur face  temperature,  of v e r t i c a l  
d i s t r i b u t i o n  of temperature,  and of atmospheric absorp t ion  charac te r -  
istics. I n  the  present  model, t he  mean l a t i t u d i n a l  v a r i a t i o n  of 
su r face  temperature is  based upon Ohring e t  a l ' s  (1962) processing 
of G i f fo rd ' s  (1956) a n a l y s i s  of mid-day rad iometr ic  observa t ions ;  
t h i s  processing consisted of  ex t r apo la t ion  of G i f f o r d ' s  temperature 
curves t o  t h e  poles  and c o r r e c t i o n  f o r  d i u r n a l  v a r i a t i o n s .  These 
su r face  temperatures are shown i n  Table 2 2 .  
For the atmospheric temperatures and absorp t ion  c h a r a c t e r i s t i c s ,  
i t  is assumed t h a t :  
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Table 2 2. Annual r ad ia t ion  budget of Mars. 
-- 
0 - lo  
10 - 20 
20 - 30 
30 - 40 
40 - 50 
50 - 60 
60 - 70 
70 - 80 
80 - 90 
0.262 
.254 
.240 
,220 
.195 
.167 
,139 
.125 
.118 
0.200 
185 
.178 
.185 
.180 
.160 
.150 
.165 
.185 
0.209 238 
.207 238 
.198 236 
.180 234 
.160 232 
.140 228 
.118 223 
. l o 4  218 
.096 210 
0.194 
.194 
.187 
.181 
.175 
.163 
,149 
.136 
.118 
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1) The atmosphere c o n s i s t s  of two l ayers :  a t roposphere,  i n  which 
t h e  temperature decreases  wi th  height  a t  a r a t e  of 0.9 t i m e s  t he  adia- 
b a t i c  l apse  r a t e ,  o r  about 3.3OK/km, and a s t r a t o s p h e r e ,  i n  which the  
temperature remains cons tan t  with a l t i t u d e .  
2) The titausphere acts a s  a grey absorber  i n  the  i n f r e r e d  reg ion  
of  t h e  spectrum. 
With t h e s e  assumptions, the  atmospheric temperature s t r u c t u r e  can 
be w r i t t e n  a s  
0.25 T / T ~  = ( T / T ~ )  
where T is temperature,  T i s  in f r a red  opac i ty  inc reas ing  downward from 
t h e  t o p  of t h e  atmosphere, and t h e  subsc r ip t  g r e f e r s  t o  t h e  p l a n e t ' s  
sur face .  The black-body f l u x  B is equal t o  oT ; t h e r e f o r e ,  4 
The outgoing f l u x  of r a d i a t i o n  a t  t h e  top of t he  atmosphere can 
now be w r i t t e n  a s  
Upon i n t e g r a t i o n ,  this equation can be w r i t t e n  a s  
- 7  t -T F(0)  = B { 2E ( T  ) + (2/3'rg)[rt  2 E 3 ( ~ t )  + e - T 2E ( T  ) - e g ]  
g 3 g  g 3 g  
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I f  B which depends s o l e l y  on surface temperature, and z and T~ . .  g' g 
a r e  known, t he  outgoing r a d i a t i o n  can be computed from(2,4). 
assumed t h a t  T and T~ do not  vary w i t h  l a t i t u d e .  The values  of T and 
It i 8  
.. 
g 8 
to be used in(2.W can be determined from the  requirement t h a t  t h e  *t 
average incoming s o l a r  r a d i a t i o n  m u s t  equal the average outgoing radia- 
t i o n  and the  assumption t h a t  the s t ra tosphere  is, on the  average, i n  
gross  i n f r a r e d  r a d i a t i v e  equi l ibr ium. The requirement can be w r i t t e n  
as 
-7 - T  
g 3 g  
- - - 
I o ( l  - A) = F(o) = UT ) + ( ~ / ~ T ~ ) [ T ~ ~ E ~ ( T ~ )  + e t - ~  2E ( 7  )- e '1 
where yo is the  average incoming s o l a r  r a d i a t i o n  a t  t he  top  of the Martian 
atmosphere, A is the  average Martian albedo, Q is t he  Stefan-BoltemaM 
constant ,  and 5 
be w r i t t e n  a s  
- 
is t he  average surface temperature. The assumption can 
g 
where F(o) is the  average outgoing in f r a red  r a d i a t i o n  f l u x ,  and F ( T ~ )  is 
the  average in f r a red  f l u x  a t  t he  tropopause. For the  present  model, 
t h i s  r equ i r e s  t h a t  't and 7 be r e l a t ed  through the  following equation: 
g t 
t T (2 .7)  
25 
The n e t  incoming s o l a r  r a d i a t i o n  can be w r i t t e n  i n  terms of an 
e f f e c t i v e  black-body f l u x  and temperature.  
- 4  - - 
Io(l - A )  = B  = cr Te . e 
Given t h e  r a t i o  of 7 t he  observed average su r face  temperature,  
g '  - 
t o  Te, the e f f e c t i v e  temperature t h e  sur face  would have i n  the  absence 
O f  an  atZiuSphere, it is p o s s i L i e  io deterinitif2 I diid i ffom E q u a t l O i i S  
(2.5) and (2 .7 ) .  I n  Sec t ion  3.1.5,  we perform the  reverse  computation; 
t h a t  i s ,  given T 
g t 
we compute (T /T ) and 'tt. 
g' g e  
-2 -1 The average incoming s o l a r  r a d i a t i o n  i s  0.215 c a l  c m  min ; t h e  
average albedo, from t h e  values  i n  Table 2.2,  i s  0.18. Consequently, t he  
va lue  of T 
s u r f a c e  temperature,  from the  va lues  i n  Table 2 .2 ,  i s  233OK, so t h a t  t h e  
r a t i o  (T /T ) i s  equal  t o  1.08. 
Table 3.4 of Sec t ion  3.1.5,  t h a t  T 
t hese  va lues  i n t o  Equation (2.4),  w e  f i n d  t h a t  
based upon t h i s  new average albedo, i s  216OK. The average e'  
With T /Te = 1.08,  w e  f i n d ,  from 
g e  g 
= 0 .5  and T~ = 0.21.  S u b s t i t u t i n g  
g 
( 2 . 9 )  
4 F(o) = .743 B = .743 5 T 
g g 
-11 -1 o r ,  with cr = 8.13 x 10 c a l  an-' deg-4 min , 
F(o) = 6.04  x T '. 
g 
(2 l o )  
2 . 3 . 3  Resul t s .  Using Equation (2.10) and the  sur face  temperatures 
l i s t e d  i n  Table 2 .2 ,  we have computed the  outgoing r a d i a t i o n  f l u x  a s  a 
func t ion  of l a t i t u d e ;  these  values  a re  t abu la t ed  i n  the  l a s t  column 
of Table 2 .2 .  In  Figure 2.2 
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are p lo t ted  the va r i a t ion  with l a t i t ude  of the ne t  incoming s o l a r  rad ia t ion ,  
I o ( l  - A), and the outgoing radiat ion,  F(o);  the l a t i t u d e  sca l e  i s  a cosine 
sca l e ,  so t h a t  length is proportional t o  the area of a l a t i t u d e  be l t .  
These curves represent  the annual rad ia t ion  budget of the  planet  Mars. 
It can be noted, from Figure2.2, tha t  below l a t i t u d e  35' there  is a sur- 
plus  of energy, and above 35' there is a def ic i t  of energy. 
are qu i t e  similar t o  those computed f o r  the Earth (Sea f o r  example, 
London, 1957); f o r  the Earth, the  crosa-over point  is a t  about 40 l a t i t ude .  
Since the temperature does not  r i s e  from year t o  year a t  equator ia l  re- 
These curves 
0 
gions, nor f a l l  a t  polar regions, the excess heat energy in equator ia l  
regions must be transported t o  higher l a t i t udes .  The average r a t e  of 
t ransport  across a f i c t i t i o u s  wall a t  the  cross-over l a t i t u d e  can be 
determined from the area between the  ne t  incoming r ad ia t ion  curve and 
the outgoing rad ia t ion  curve, below the  cross-over l a t i t ude .  This turns  
out  t o  be about 0.5 x 10l6 cal rnin-l; f o r  the Earth, the corresponding 
f igu re  is about 5 x 10 c a l  min ( a f t e r  London, 1957). The Martian 
value is an order of magnitude less  than the value f o r  the Earth, and 
there  e re  probably severa l  reasons f o r  t h i s .  
probably the difference i n  surface a rea  between the two planets ;  the 
Pmount of heat  energy t o  be transported pas t  the  cross-over l a t i t u d e  
depends upon the surface area of the planet  below the  cross-over l a t i t ude -  
and Mars' surface a rea  is a f ac to r  of 4 less than the  Earth 's  surface 
area. 
in the  dependence of outgoing rad ia t ion  with l a t i t u d e .  
va r i a t ion  with l a t i t u d e  of the outgoing rad ia t ion  depends e s s e n t i a l l y  
16 -1 
The primary reason is 
Another reason is probably the d i f fe rence  between Earth and Mars 
On Mars, the  
28 
on the  v a r i a t i o n  with l a t i t u d e  of the su r face  temperature;  on Earth t h e  
l a t i t u d i n a l  v a r i a t i o n  of  outgoing r a d i a t i o n  depends not  only on the  
s u r f a c e  temperature v a r i a t i o n  b u t  a l s o  on the  water vapor v a r i a t i o n  wi th  
l a t i t u d e .  The l a t i t u d i n a l  v a r i a t i o n  of water vapor i n  t h e  Ea r th ' s  
atmosphere causes  t h e  l a t i t u d i n a l  v a r i a t i o n  of outgoing r a d i a t i o n  t o  be 
sma l l e r  than  i t  would otherwise be. Hence, r e l a t i v e l y  l a r g e r  d i f f e r -  
ences  between incoming and outgoing r a d i a t i o n  occur ,  r e s u l t i n g  i n  a 
l a r g e r  va lue  f o r  t h e  amount of excess h e a t  energy. 
With t h i s  information on t h e  annual r a d i a t i o n  budget,  it is  pos- 
s i b l e  f o r  dynamic meteoro logis t s  to  i n f e r  t h e  c h a r a c t e r i s t i c s  of t he  
gene ra l  c i r c u l a t i o n  of a p l ane t  (See, f o r  example, Mintz, 1961). Besides 
t h e  annual r a d i a t i o n  budget, i t  is  d e s i r a b l e  t o  have seasonal  r a d i a t i o n  
budgets ;  f u r t h e r  r e sea rch  i n  t h i s  area should be d i r e c t e d  toward 
ob ta in ing  e s t ima tes  of t h e  seasonal  budgets.  
29 
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2.4 SUMMARY AED RECOMMENDATIONS 
Emphasis was placed on three topics bearing on the meteorology of 
Mars -- (1) tides in the atmosphere of Mars, ( 2 )  construction of thermo- 
dynamic diagrams for the Martian atmosphere, and (3) the radiation budget 
of the Martian atmosphere. 
The subject of tides in the Martian atmosphere was investigated with 
earth's atmosphere. One of the possibilities in tidal oscillations is 
the aid of the standard tidal theory that has been developed for the 
the presence of resonance magnification in a particular atmosphere. 
occurs when an atmosphere has a free period close to that of the forcing 
function; in such a case any tidal oscillations would be amplified. 
Examination of this problem for Mars indicates that no resonance magni- 
fication is to be expected. The possibility that tidal oscillations 
might arise from the large diurnal temperature variations at the surface 
was considered; it appears highly improbable that the amplitude of the 
resulting diurnal surface-pressure oscillation (relative to tozal surface 
pressure) exceeds the amplitude of the Earth's semi-diurnal oscillation. 
Hence, tidal oscillations arising from this cause are not likely to play 
any significant role in the Martian general circulation. Tidal oscil- 
lations might also arise from diurnal or semi-diurnal temperature oscil- 
lations caused by periodic radiative processes occurring through deep 
layers of the Martian atmosphere. Present indications are that these 
oscillations are probably too small to excite significant tidal motions. 
Thus, this study concludes that in the light of present knowledge of the 
30 
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Martian atmosphere, t h e r e  i s  no reason t o  expect t h a t  t i d a l  motions play 
an important r o l e  i n  the meteorology of Mars. I f  the Martian atmosphere 
should con ta in  ozone i n  amounts g r e a t e r  than now suspected (or any o the r  
gas t h a t  absorbs s i g n i f i c a n t  amounts of s o l a r  r a d i a t i o n ) ,  then i t  i s  
suggested t h a t  t h i s  conclusion be re-examined. 
A preliminary thermodynamic diagram f o r  use i n  analyzing thermodynamic 
processes  i n  the Martian atmosphere has been cons t ruc t ed .  The diagram i s  
based upon a model Martian atmosphere, c o n s i s t i n g  of 83% n i t rogen ,  11% 
carbon dioxide,  and 6% argon, with a su r face  p re s su re  of  25 mb. Lines 
on t h e  diagram include:  p re s su res ,  dry a d i a b a t s ,  temperatures,  s a t u r a -  
t i o n  a d i a b a t s ,  and s a t u r a t i o n  s p e c i f i c  humid i t i e s .  Future  r e sea rch  
should be d i r e c t e d  toward ob ta in ing  b e t t e r  estimates of su r face  pressure 
and atmospheric composition s o  t h a t  a f ina l  diagram can be prepared. 
An estimate of t h e  annual r a d i a t i o n  budget f o r  Mars - t he  average 
v a r i a t i o n  with l a t i t u d e  of n e t  incoming s o l a r  r a d i a t i o n  and outgoing 
i n f r a r e d  r a d i a t i o n  - has been obtained. N e t  incoming s o l a r  r a d i a t i o n  
values  a r e  based upon the  computations of  Milankovitch (1920) and the  
p l ane ta ry  albedos est imated by Sagan (1964). Outgoing r a d i a t i o n  values  
are  a func t ion  only of t he  s u r f a c e  temperature, i n  the two-layer, grey- 
atmosphere model assumed f o r  t h e s e  c a l c u l a t i o n s .  The r e s u l t s  i n d i c a t e  
t h a t  between the  equator  and 35' l a t i t u d e  t h e r e  i s  a su rp lus  of r a d i a t i o n a l  
energy, and above 35 l a t i t u d e  the re  i s  a d e f i c i t .  An average of 0 .5  x 10 
c a l  min must be t ransported ac ross  the  35 l a t i t u d e  c i r c l e  t o  maintain 
a n  annual balance; t h i s  i s  a n  order  of magnitude less than the  required.  
0 16 
-1 0 
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t r a n s p o r t  on the  Ear th .  Fur ther  research should be d i r e c t e d  toward 
ob ta in ing  e s t ima tes  of t he  seasonal  r a d i a t i o n  budgets and u t i l i z i n g  these  
budgets i n  s t u d i e s  of t h e  gene ra l  c i r c u l a t i o n  of t h e  Martian atmosphere. 
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SECTION 3 
METEOROLOGY OF VENUS 
3.1 GREENHOUSE MODELS 
3.1.1 Introduction. One of th rprising results in th fi 
of observational astronomy has been the recent finding that the surface 
most s Id 
0 temperature of Venus is remarkably high-about 600 - 700°K. 
tions of high surface temperature are based upon observations from the 
earth of the planet's emission of microwave radiation (see Roberts [1963] 
for a summary of these observations); these indications have recently been 
confirmed by the microwave radiometer measurements made by the Mariner 
spacecraft on its Venus flyby (Barath et al., 1963). These temperatures 
are considered remarkable because they are two to three times the tempera- 
ture expected on Venus on the basis of its distance from the sun and its 
planetary albedo. This discrepancy between the expected and the observed 
has stimulated a good deal of research to explain the cause of the high 
temperatures. 
The indica- 
One means by which the surface temperature of a planet can be kept 
high is the greenhouse mechanism. For this mechanism to be effective the 
atmosphere must be relatively transparent to incoming solar radiation and 
33 
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r e l a t i v e l y  opaque t o  outgoing in f r a red  r ad ia t ion .  I n  previous models of 
t he  greenhouse mechanism the  e f f e c t  of t he  ex tens ive  cloud cover of Venus 
on t h e  t r a n s f e r  of i n f r a r e d  r a d i a t i o n  has  not  been d i r e c t l y  considered. 
I n  t h e  present  s t u d i e s  t he  e f f e c t  of a cloud cover, opaque t o  i n f r a r e d  
r a d i a t i o n ,  on greenhouse models of  the  atmosphere of Venus a r e  i n v e s t i -  
gated. 
A l a r g e  greenhouse e f f e c t  a s  an explana t ion  of t he  high s u r f a c e  
temperature of Venus was suggested by Sagan (1960). He used the  follow- 
ing equat ion  f o r  t he  balance of incoming s o l a r  and outgoing i n f r a r e d  
r a d i a t i o n  a t  t he  top of t h e  Venus atmosphere: 
4 + tuT 4 
g (rTe = OTa 
where U i s  the  Stefan-Boltzmann cons tan t ,  T is the  e f f e c t i v e  temperature 
of t he  incoming s o l a r  r a d i a t i o n  (allowing f o r  albedo l o s s e s ) ,  Ta i s  the  
e f f e c t i v e  r a d i a t i n g  temperature of the  atmosphere, T i s  the  p l ane ta ry  
su r face  temperature,  and t is  the  t r ansmiss iv i ty  of t he  atmosphere f o r  
e 
g 
i n f r a r e d  r a d i a t i o n .  The l e f t  s i d e  of t he  equat ion  r ep resen t s  t he  incoming 
s o l a r  r a d i a t i o n ;  t he  r i g h t  s i d e ,  the  outgoing i n f r a r e d  r a d i a t i o n .  With 
t h i s  equat ion  Sagan was ab le  t o  compute the  atmospheric i n f r a r e d  t r ans -  
0 
m i s s i v i t y  requi red  t o  main ta in  a 600 K s u r f a c e  temperature.  
T 
f o r  t he  case of T 
per cen t  f o r  t he  case  of T 
Making use  of l abora to ry  emis s iv i ty  measurements of carbon dioxide and 
Assuming 
0 
= 234 K, he obtained a requi red  t r ansmiss iv i ty  of about 0.9 per  cen t  a 
= 254'K (corresponding t o  an albedo of 0.64) , and 0.2 e 
= 240°K (corresponding t o  an albedo of 0.71). e 
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water vapor, he found t h a t  18 km STP of carbon dioxide toge the r  with 
9 g cm of water vapor could produce t h e  r equ i r ed  t r a n s m i s s i v i t i e s .  -2 
Since these  amounts of gases are not incompatible with p re sen t  knowledge 
of t h e  Venus atmosphere, a s t r o n g  greenhouse e f f e c t  appears possible .  
However, another t h e o r e t i c a l  a t t a c k  on the problem, by 3astrow and 
Rasool (1963), with a d i f f e r e n t  approach l e d  t o  a d i f f e r e n t  conclusion. 
Making use of the Eddington approximation t o  compute the  r a d i a t i v e  
equ i l ib r ium temperature d i s t r i b u t i o n  i n  the atmosphere of Venus, they 
found t h a t  t h e  required i n f r a r e d  t r a n s m i s s i v i t i e s  f o r  a 600 K temper- 0 
a t u r e  w e r e  so  small a s  t o  be incompatible with p re sen t  knowledge of t h e  
composition of t h e  Venus atmosphere. For a gray atmosphere i n  r a d i a t i v e  
equ i l ib r ium t h e  Eddington approximation l e a d s  t o  the  following formula 
f o r  s u r f a c e  temperature: 
1 / 4  T = Te( l  + 0.752 ) 
g g 
where 'I i s  the  atmospheric opac i ty  i n  the  i n f r a r e d .  For a T value of 
254'K the  r equ i r ed  opac i ty  is  about 40, and f o r  a Te value of 240°K t h e  
r equ i r ed  opaci ty  i s  about 50. These o p a c i t i e s  correspond t o  t r a n s m i s s i v i t i e s  
g e 
less than o r  many o rde r s  of magnitude less than those required i n  
Sagan's model. 
i s  Sagan's choice of 234OK f o r  T - t he  r equ i r ed  t r a n s m i s s i v i t y  depends 
c r i t i c a l l y  upon t h e  value of T 
a s sumed . 
The b a s i c  cause of  t h e  d i f f e r e n c e  between t h e  two models 
a '  
which i s  r e a l l y  unknown and must be a '  
35 
The e f f e c t  of cloud cover on the i n f r a r e d  r a d i a t i o n  leaving the 
p l a n e t  has  not  been s p e c i f i c a l l y  included i n  t h e  two previous approaches. 
The amount of cloud cover i n  the Venus atmosphere i s  l a r g e ,  and i f  t h e  
cloud cover a c t s  a s  a blackbody f o r  i n f r a r e d  r a d i a t i o n ,  a s  t h e  water 
c louds of t h e  e a r t h ' s  atmosphere do, i t  should enhance t h e  greenhouse 
e f f e c t  . 
In  our research,  w e  have developed two greenhouse models-a one 
l a y e r  model and a two l a y e r  model-both of which include the  e f f e c t  of 
c loudiness .  Descr ipt ions of t h e s e  two models and t h e  r e s u l t s  obtained 
a r e  presented i n  t h e  fol lowing sec t ions .  
3.1.2 One-layer greenhouse model. NOTE: The s u b j e c t  mat ter  of 
t h i s  s e c t i o n  h a s  been t r e a t e d  i n  d e t a i l  i n  t h e  following two references- 
t h e  f i r s t  a t e c h n i c a l  r e p o r t  under t h e  p re sen t  c o n t r a c t ,  t h e  o the r  a 
paper i n  t h e  s c i e n t i f i c  l i t e r a t u r e ,  based upon the  t echn ica l  r epor t .  
Ohring, G.  and Mariano, J. ,  1963: "The e f f e c t  of c loudiness  on a 
greenhouse model of t he  Venus atmosphere," GCA Technical Report No. 
63-17-N, Contract NASw-704, p. 28. 
Ohring, G. and Mariano, J. ,  1964: "The e f f e c t  of c loudiness  on a 
greenhouse model of the Venus atmosphere, " Journa l  of Geophysical 
Research, 69, 165-175. 
W e  p re sen t  he re  a summary of the r epor t ed  work; f o r  a complete 
d i scuss ion ,  consu l t  e i t h e r  of t he  above r e fe rences .  
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In  the  one-layer greenhouse model, t he  following assumptions a r e  
I 
i made : 
(1) There is  a balance between n e t  incoming s o l a r  r a d i a t i o n  and 
outgoing i n f r a r e d  radiaFion a t  t he  top  of t h e  ~ t ~ ~ s p h e r e .  
(2) The atmosphere c o n s i s t s  of one l a y e r ,  which i s  cha rac t e r i zed  
by a l i n e a r  v a r i a t i o n  of temperature with a l t i t u d e .  
I 
(3) Venus has  a grey atmosphere with cons t an t  absorpt ion coef- 
I f i c i e n t  f o r  i n f r a r e d  r a d i a t i o n .  
I 
( 4 )  
100% complete. 
The cloud cover is  opaque t o  i n f r a r e d  r a d i a t i o n  and i s  not  
For t h i s  model, t h e  outgoing flux of i n f r a r e d  r a d i a t i o n  a t  t h e  
t o p  of t h e  atmosphere can be  w r i t t e n  a s  
F(0) = (1-n) B -&f $k E2 (T)  d ~ ]  + 
0 
g 
where n is  t h e  f r a c t i o n  of t h e  sky covered by clouds;  5 is the  i n f r a r e d  
opac i ty  of t h e  atmospheric gases,  increasing from zero a t  t h e  t o p  of 
t h e  atmosphere t o  'T: 
k is  t h e  constant  i n  the  r e l a t i o n s h i p  between temperature,  T, and 
p res su re ,  p, i n  an atmosphere with l i n e a r  v a r i a t i o n  of temperature with 
a l t i t u d e ,  Ta/Tg = ( ~ , / p ~ ) ~ ,  where t h e  s u b s c r i p t s  a and g r e f e r  t o  the  
a t  t h e  su r face ;  t h e  E ' s  a r e  exponent ia l  i n t e g r a l s ;  
g 
I 
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atmosphere and surface, respectively; p is the ratio of the infrared 
opacity of the atmosphere above the cloud-top, 1 to the infrared 
opacity of the entire atmosphere, T (or, since the opacity is pro- 
portional to the pressure in this grey atmosphere, p is the ratio of 
cloud-top pressure to surface pressure); and B is the blackbody flux, 
A4 -.I-. .* 4k 
u i  , w i i i c i l  varies w i t h  r i p a c i ~ y  according to B/% = ( T / T  ) . 
C’ 
g 
g g 
With the requirement that the outgoing radiation must balance the 
4 net incoming solar radiation, or F(0)  = oTe , where T 
temperature of the net incoming solar radiation, one can obtain an 
expression relating the magnitude of the greenhouse effect to the 
amount of cloudiness, height of cloud-top (as represented by p), and 
the atmospheric infrared opacity 
is the effective e 
0 
The ratio (T /T ) is the ratio of the greenhouse surface temperature 
to the surface temperature that Venus would have without an atmosphere; 
this ratio represents the magnitude of the greenhouse effect. 
g e  
For values of 4k equal to integers, the integrals in Equation (3.2) 
can be evaluated analytically. Of physical interest is the case 4k = 1, 
k = 0.25, which corresponds to an atmosphere with a temperature lapse- 
rate of 0.9 of the adiabatic lapse-rate. In this case, Equation ( 3 . 2 )  
be comes 
38 
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For va lues  of 4k no t  equal t o  i n t e g e r s ,  t h e  i n t e g r a l s  i n  Equation 
( 3 . 2 )  C-G be cvaluatcd -..m LLUII'CL ?; ,,"AAy. .."ll Of p a r t i c u l a r  i n t e r e s t  i s  the 
a d i a b a t i c  case  k = 0.285, which maximizes the  greenhouse su r face  
temperature.  
Computations of the magnitude of t h e  greenhouse e f f e c t  have been 
performed with both the  a d i a b a t i c  l apse - ra t e  and 0.9 t h e  a d i a b a t i c  
l a p s e - r a t e ,  f o r  a range of va lues  of t h e  parameters 'I n ,  and p.  
The r e s u l t s  of t h e s e  computations a r e  presented i n  Tables 3 . l a ,  3 . l b ,  
g' 
3 IC, snd 3. l d .  It should be  noted t h a t  t he  va lues  f o r  p = 1 
rep resen t  conditioiis  f o r  a cloud-top loca ted  a t  t h e  s u r f a c e ,  o r ,  more 
important ly ,  t h e  case of no clouds a t  a l l .  
can be a sce r t a ined  by comparing the values  f o r  p = 1 t o  the  o the r  
computed values .  
The importance of c loudiness  
With t h e  use of these  t a b l e s  and graphs based upon them, one can 
o b t a i n  estimates of atmospheric i n f r a r e d  opac i ty  r equ i r ed  t o  maintain 
t h e  observed greenhouse e f f e c t  on Venus. 
a t u r e  i s  about 600°K t o  700°K. 
T is 237OK. The Mariner i n f r a r e d  obse rva t ions ,  which de tec t ed  no 
breaks i n  t h e  cloud l aye r  (Chase, e t  a l . ,  1963), t h e  t e l e s c o p i c  
The observed s u r f a c e  temper- 
With an albedo of 0.73 (Sinton, 1962), 
e 
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Table 3. l a  
Summary of computations of magnitude of greenhouse e f f e c t ,  T /T 
g e '  
for one-layer model with 80% cloudiness. 
7 Tg/Te Tg'Te Tg/Te *glTe 
g (k = .286) (k = .25) (k = .286) (k = .25) 
1 
2 
3 
5 
10 
20 
30 
1 
2 
3 
5 
10 
20 
30 
1 
2 
3 
5 
10 
20 
30 
1 
2 
3 
5 
10 
20 
30 
p = .002 
1.804 1.776 
2.053 1.994 
2.262 2. I71 
2.591 2.441 
3.130 2.862 
3.751 3.322 
4.142 3 * 599 
p = .01 
1.788 1.749 
2.023 1.948 
2.215 2.102 
2.504 2.325 
2.933 2.635 
3.361 2.949 
3.604 3.116 
p = .02 
1.767 
1.985 
2.158 
2.407 
2.756 
3.099 
3.311 
p = l  
1.209 
1.377 
1.519 
1.746 
2.127 
2.593 
2.912 
1.719 
1.898 
2.033 
2.140 
2.472 
2.722 
2.881 
1.192 
1.342 
1.465 
1.656 
1.968 
2.340 
2.590 
p = .05 
1.705 1.644 
1.885 1.787 
2.020 1.890 
2.206 2.031 
2.472 2.232 
2.786 2.480 
3.023 2.667 
p = -10 
1.618 1.553 
1.764 1.669 
1.872 1.755 
2.028 1.878 
2.285 2.085 
2.646 2.370 
2.930 2.599 
p = .50 
1.319 1.284 
1.451 1.401 
1.567 1.502 
1.764 1 e 669 
2.128 1.969 
2.593 2.344 
2.912 2,591 
Table 3 .  lb 
Summary of computations of magnitude of greenhouse effect, T /T 
for one-layer model with 90% cloudiness. 
g e’ 
t Tg’Te Tg/Te 
g (k = .286) (k = .25) 
Tg’T€? Tg/Te 
(k = .286) (k = -25) 
1 
2 
3 
5 
10 
20 
30 
1 
2 
3 
5 
10 
20 
30 
1 
2 
3 
5 
10 
20 
30 
1 
3 
5 
10 
20 
30 
2 
p = .002 
2.141 2.102 
2.433 2.353 
2.676 2.554 
3.054 2.854 
3.654 3 300 
4.305 3.749 
4.681 3.994 
p = .01 
2. loo 2.035 
2.358 2.241 
2.560 2.394 
2.849 2.600 
3.238 2.863 
3.585 3.101 
3.774 3.226 
p = .02 
2.048 
2.270 
2.435 
2.657 
2.940 
3.209 
3.384 
p = l  
1.209 
1.377 
1.519 
1.746 
2.127 
5.593 
2.912 
1.965 
2.135 
2.254 
2.409 
2.604 
2.798 
2.932 
1.192 
1.342 
1.465 
1.656 
1.968 
2.340 
2.590 
p = .os 
1 e 814 1.913 
2.071 1 931 
2.182 2.012 
2.329 2.119 
2.541 2.281 
2.816 2.500 
3.038 2.677 
p = .10 
1.755 1.662 
1.751 1.872 
1.958 1.818 
2.084 1 D 919 
2.310 2.104 
2.653 2.377 
2.933 2.599 
p = -50 
1 337 1.298 
1.462 1.409 
1.574 1.507 
1.767 1.671 
2.128 I. 969 
2.593 2.344 
2.912 2.591 
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I 
~ . .  Table 3 . 1 ~  
Summary of computations o f  magnitude of greenhouse effect,  T /T 
g e  
for  one-layer model with 95% cloudiness. I 
T Tg/Te Tg/Te 
(k = .286) (k = .25) g 
T /T 
Tg/T€? g e  
(k = ,286) (k = .25) 
1 
2 
3 
5 
10 
20 
30 
1 
2 
3 
5 
10 
20 
30 
1 
2 
3 
5 
10 
20 
30 
1 
2 
3 
5 
10 
20 
30 
p = .002 
2.536 2.472 
2.873 2.757 
3.150 2.977 
3.571 3.290 
4.203 3.725 
4.821 4.114 
5.146 4.306 
p = .01 
2.439 2.327 
2.704 2.521 . 
2.900 2.656 
3.159 2.825 
3.472 3,028 
3.730 3.193 
3.876 3.297 
2.328 
2.533 
2.673 
2.848 
3.059 
3.272 
3.424 
1.209 
1 .377  
1.519 
1.746 
2.127 
2.593 
2.912 
p = .02 
2.192 
2.334 
2.427 
2.542 
2.684 
2.958 
2. a40 
p = l  
1.192 
1.342 
1.465 
1.656 
1.968 
2.340 
2.590 
p = .05 
2.086 1.944 
2.210 1.958 
2.294 2.090 
2.405 2.172 
2.579 2.308 
2.831 2.511 
3 016 2.683 
p = . l o  
1.850 1.731 
1.941 1.805 
2.009 1.854 
2.115 1.941 
2.322 2.113 
2.657 2.377 
2.934 2.608 
p = .50 
1.346 1.306 
1.468 1.414 
1.577 1.509 
1.672 1 768 
2.128 1.969 
2.593 2.344 
2.912 2.591 
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Table 3. Id 
. .  
Summary of computations of  magnitude of greenhouse e f f e c t ,  T /T 
g e’ 
for one-layer model with 99% cloudiness.  
T T g e  /T Tg’Te Tg/Te Tg/Te 
(k = .286) (k = .25) (k = .286) (k = .25) g 
1 
2 
3 
5 
10 
20 
30 
1 
2 
3 
5 
10 
20 
30 
1 
2 
3 
5 
10 
20 
30 
1 
2 
3 
5 
10 
20 
30 
p = .002 
3.674 3.468 
4.086 3.751 
4.395 3.942 
4.804 4.175 
5.285 4.424 
5.626 4.597 
5.772 4.671 
p = .01 
3.184 2.870 
3 -367 2.973 
3.479 3.035 
3.604 3.104 
3.740 3.188 
3.872 3.280 
3.969 3.353 
p = .02 
2.824 2.531 
2.929 2.592 
2.992 2.631 
3.068 2.680 
3.177 2.758 
3.328 2.876 
3.459 2.980 
p = l  
1.209 1.192 
1.377 1 342 
1.519 1.465 
1.746 1 656 
2.593 2.340 
2.912 2.590 
2.127 1.968 
p = .05 
2.308 2.093 
2.366 2.134 
2.408 2.166 
2.476 2.223 
2.612 2.330 
2.845 2.520 
3.053 2.687 
p = .10 
1.950 1.800 
2.000 1 845 
2.055 1 886 
2.142 1.959 
2.333 2.118 
2.660 2.380 
2.935 2.604 
1.354 
1.472 
1.580 
1.769 
2.128 
2.593 
2.912 
p = .50 
1.312 
1.417 
1.511 
1.672 
1 969 
2.340 
2.590 
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observa t ions ,  and t h e  l a rge  v i sua l  a lbedo,  a l l  suggest  a very ex tens ive  
cloud cover.  Therefore,  we can use the  computations f o r  99% cloudiness .  
The Mariner i n f r a r e d  observat ions a l s o  suggest a cloud-top temperature 
of 240 K,  from which w e  can determine the  appropr ia te  value of p .  In 0 
Table 3.2 a r e  shown the  in f r a red  o p a c i t i e s  requi red  t o  maintain t h e  
observed su r face  temperatures on Venus. 
a t u r e  of 700 K, which is  probably c lose r  t o  the  t r u e  average, atmos- 
To maintain a su r face  temper- 
0 
pher i c  o p a c i t i e s  of about s i x  o r  seven a r e  requi red ,  corresponding t o  
t r a n s m i s s i v i t i e s  of 0.06% and 0.02%, r e spec t ive ly .  To maintain a 
600 K sur face  temperature,  atmospheric o p a c i t i e s  of two or th ree  a r e  0 
r equ i r ed .  Inf ra red  o p a c i t i e s  of s i x  o r  seven a r e  r e l a t i v e l y  high 
TABLE 3 . 2  
INFRARED OPACITIES REQUIRED TO MAINTAIN 
OBSERVED SURFACE TEMPERATURE ON VENUS 
I 
Re qu i r  ed 
Opacity, 7 
Tcloud T z 
g n (OK> T g /Te (OK> k P 
0 .99  7 00 2.95 240 0.286 0.024 6 
0.99 7 00 2.95 240 0 .25  0 .014 7 
0.99 600 2.5 240 0.286 0 .041  2 .5  
0 .99  600 2.5 240 0.25 0.026 3 
and suggest  t h a t  the  Venus atmosphere must conta in  l a r g e  amounts of 
water vapor,  o r  o the r  i n f r a red  absorbing c o n s t i t u e n t s ,  bes ides  carbon 
44 
dioxide. 
could possibly be produced by carbon dioxide alone. The required 
infrared opacities depend initially upon the height and temperature 
of the cloud top. For example, with a cloud-top temperature of 220 K, 
an infrared opacity of only  1.5 is required to maintain a 700 K surface 
temperature. Until these parameters are known more accurately, 
definitive calculations cannot be performed. 
Infrared opacities of two or three are relatively low and 
0 
0 
The one-layer greenhouse model illustrates the importance of the 
amount and height of clouds for the maintainence of high surface 
temperatures. The presence of a cloud that is opaque to infrared 
radiation enhances the greenhouse effect, since, with the temperature 
decreasing with height, the cloud will absorb the high-temperature 
surface radiation and reradiate to space at lower temperatures. A 
number of assumptions are made in the development of the model; to 
the extent that these assumptions are invalid, the final results may 
be in question. The assumption of a grey atmosphere is incorrect; 
just how much this assumption influences the final results is unknown. 
It is implicitly assumed that the absorbing gases are uniformly mixed 
with height; departures from constant mixing ratios would affect the 
final results. The clouds are assumed to be completely opaque to 
infrared radiation; any departures from complete opaqueness would 
certainly influence the results presented here. The assumption of 
complete opaqueness for the clouds is probably the cause of questionable 
internal side-effects; these side-effects are discussed in Ohring and 
Mariano (1964). Other uncertainties are introduced by the assumption 
45 
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. .  
of a one-layer model with temperature decreasing with a l t i t u d e  a t  a con- 
Venus i s  un i ty .  There a r e  ind ica t ions ,  a t  l e a s t  i n  t h e  microwave 
p o r t i o n  of t h e  spectrqm, t h a t  the emiss iv i ty  is less than un i ty .  
r ada r  r e t u r n s  from Venus i n d i c a t e  e m i s s i v i t i e s  of about 0.9 (Victor,  
Stevens,  and Golumb, 1961).  If t h i s  is t r u e  f o r  t he  e n t i r e  i n f r a r e d  
emission spectrum, then one should consider  t h i s  i n  the  c a l c u l a t i o n s  
The 
of t h e  greenhouse e f f e c t .  
emis s iv i ty  of 0.9 i n  order  
t h a t  would be  produced. 
I f  t h e  i n f r a r e d  emiss 
going r a d i a t i o n  a t  t he  top  
sky can be w r i t t e n  a s  
We have performed c a l c u l a t i o n s  with a su r face  
t o  examine t h e  change i n  greenhouse e f f e c t  
v i t y  of t h e  Venus su r face  i s  0.9, t h e  out- 
of the atmosphere i n  the c l e a r  p a r t  of t he  
46 
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. .  
= 2E ( T  ) 0.9 B i- 2 B ;c -4k f g  T~~ E 2 ( T ) d q  ( l -n )  ( 3 . 4 )  
i g g g  J c 3  0 
(O 1 c l e a r  
With a value of k = 0.25, corresponding t o  a temperature lapse r a t e  of 
about 0.9 of t h e  a d i a b a t i c  l a p s e  r a t e ,  and with n amount of c louds,  t h e  
greenhouse e f f e c t  becomes 
0 
1 
4 ($) = (' n, [t (1 - exp [ - - c  1 )  + (0.7) 2E ( T  ) 
g 3 g  
This formula is s i m i l a r  t o  t h a t  derived f o r  an emis s iv i ty  of un i ty ,  
Equation (3.31, except t h a t  with an emis s iv i ty  value of 0.9 t h e  f a c t o r  
0.7 i s  introduced a s  a m u l t i p l i e r  of 2E (T ) on t h e  r i g h t  s i d e  of t h e  
equa t i on .  
3 g  
For t h e  range of o p a c i t i e s  and cloud amounts thought t o  p r e v a i l  
on Venus, t he  greenhouse e f f e c t  i s  not  s u b s t a n t i a l l y  changed by i n t r o -  
ducing a su r face  emis s iv i ty  of 0.9. One would expect t h e  l a r g e s t  
changes f o r  small  cloud amounts and atmospheric i n f r a r e d  o p a c i t i e s ,  
and high cloud h e i g h t s ;  t h i s  is seen t o  be the  case i n  Figures  3 . 1  and 
3.2,  where the  greenhouse e f f e c t  is shown f o r  cloud amounts n = 0.8 and 
n = 0.99, emis s iv i ty ,  e ,  equal t o  0.9 and 1 .0 ,  and r a t i o  of cloud top pres-  
s u r e  t o  su r face  p re s su re ,  p ,  equal t o  0.002 and 0 . 5 .  But even these  changes 
a r e  small  enough t o  be neglected.  Thus, w e  may conclude t h a t  t h e  use of a 
su r face  emis s iv i ty  of 0.9 r a t h e r  than 1.0 would not  s u b s t a n t i a l l y  a l t e r  t h e  
greenhouse e f f e c t  on Venus. 
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2.4 
2.2 
2.0 
1.8 
t 6  
I .4 
P = ,500 
1 I I I I I 
0 I 2 3 4 5 6 7 I .2 
Figure 3* 1, Magnitude of the greenhouse effect  on Venus for 
surface emissivities of 0 . 9  and 1 .0  for 80% cloud 
cover. 
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Figure 3.2. Magnitude o f .  the greenhouse e f f ec t  on Venus for 
surface emissivities of 0 . 9  and 1 . 0  for 99% cloud 
cover. 
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3.1.4 Two-layer Greenhouse Model. One of the unrealistic as-  
sumptions in the one-layer greenhouse model is the assumption of constant 
lapse-rate, which implies that the temperature decreases to zero at the 
top of the atmosphere. 
atmosphere and is probably not the case in the Venus atmosphere. A 
This is certainly not the case in the earth's 
simplified model of the earth's atmosphere would consist of two layers: 
a troposphere in which the temperature lapse-rate is constant and a 
stratosphere in which the temperature lapse-rate is zero. We can assume 
that the Venus atmosphere has a similar structure. If we further assume 
that the stratospheric layer is in radiative equilibrium, we can actually 
compute, as will be shown later, the height of the tropospause - the 
level at which the temperature starts to remain constant with altitude. 
The following sketch illustrates the assumed model atmosphere. 
0 
". 
't 
7 
5 
.(. C n t 
In the troposphere, temperature is related to pressure by 
50 
* *  For a grey atmosphere with cons tan t  mixing r a t i o  of absorbing gas ,  t h e  
blackbody f lux ,  B = IT T , i n  t he  troposphere i s  then related t o  i n f r a r e d  
opac i ty ,  T, by 
4 
I n  t h e  s t r a t o s p h e r e ,  B i s  cons tan t  s ince  t h e  temperature i s  cons tan t  
w i t h  a l t i t u d e .  The d i s t r i b u t i o n  of B a s  a func t ion  of T is  shown 
schemat ica l ly  i n  the  sketch.  The tropopause i s  located a t  the  l e v e l  
T The f r a c t i o n  of t he  
sky covered by clouds i s  n, l eav ing  a c l e a r  p o r t i o n  (1 - n) .  
and the  cloud top i s  located a t  the  l e v e l  T ~ .  t 
Our goal  i s  t o  compute the greenhouse e f f e c t ,  represented .ti$ 
/ 
the r a t i o  T /T , where T 
s o l a r  r a d i a t i o n  and T is  the  surface temperature ,  and t o  compute the  
g 
he igh t  of tropopause T 
atmospheric temperature s t r u c t u r e  i s  def ined.  These q u a n t i t i e s  can 
be computed on the  b a s i s  of two equi l ibr ium condi t ions :  
is t h e  e f f 2 c t i v e  temperature of incoming 
g e  e 
Once these q u a n t i t i e s  a r e  computed t h e  e n t i r e  
t o  
(1) The incoming s o l a r  r a d i a t i o n  balances the  outgoing in f r a red  
r a d i a t i o n  a t  t he  top  of t he  atmosphere. 
(2) The n e t  flux of i n f r a r e d  r a d i a t i o n  a t  the  tropopause i s  
equal  t o  the  outgoing in f r a red  r a d i a t i o n  a t  t h e  top  of t he  atmosphere. 
Since it i s  assumed t h a t  t h e r e  is no abso rp t ion  of s o l a r  r a d i a t i o n  i n  
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. .  the stratosphere, this condition implies a gross radiative equilibrium 
for the stratospheric layer. 
The upward flux of radiation at the tropopause in the clear part 
of the atmosphere can be written as 
t 
T 
where n is the fraction of cloudiness, B is the black-body flux, the 
E’s  are exponential integrals, and the subscript g refers to the planet’s 
surf ace. 
With the use of Equation (3.7), the clear-sky upward flux at the 
tropopause can be written as 
’g 
If T /T is represented by p, the expression for the upward flux c g ‘  
of radiation at the tropopause in the cloudy part of the sky can be 
written as 
(3 .9)  
(3.10) 
The total upward flux at the tropopause is the sum of the contri- 
butions from clear and cloudy skies 
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The downward f l u x  of r a d i a t i o n  a t  t h e  tropopause i s  
t 7 
Tine ne t  f i u x  of r a d i a t i o n  a t  tne tropopause is 
(3 .11 )  
( 3 . 1 2 )  
( 3 . 1  
The express ion  f o r  the  outgoing f l u x  a t  the  top of t he  atmosphere 
i s  
( 3 . 1 4 )  
The cond i t ion  t h a t  t he  s t r a tosphe re  be i n  r a d i a t i v e  equ i l ib r ium 
can be expressed as 
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e ( 3 . 1 5 )  I 
The m d i t i o n  t h a t  t h e  incoming s o l a r  r a d i a t i o n  balance the  out -  
going in f r a red  r a d i a t i o n  a t  t h e  top  of t h e  atmosphere can be w r i t t e n  
as 
4 
Te F(o) = 
From the  expanded form of  Equation(3.B) one can o b t a i n  -n 
equation that will ailow computation of T 
given. Making use of the r e l a t i o n  
when T n, p,  and ic are 
t g 9  
and 
0 
we can ob ta in  t h e  fol lowing equat ion from t he  expanded form of  (3.15) 
+ 
L 
(3.16) 
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I n  p r i n c i p l e ,  (3.17) can be solved f o r  IC i f  t he  o the r  v a r i a b l e s  t 
a r e  given;  techniques f o r  numerical s o l u t i o n  are presented below. 
Once T is  determined, i t  can be s u b s t i t u t e d  i n t o  t h e  expanded t 
form of (3.16) t o  o b t a i n  the magnitude of  t h e  greenhouse e f f e c t  from 
b 
( 3 . 1 7 )  
(3 .18 )  
Since t h e  unknown v a r i a b l e ,  T ~ ,  appears  i n  t h e  l i m i t s  of  t h e  
i n t e g r a l s ,  an i t e r a t i v e  technique had t o  be used t o  so lve  Equation (3 .17) .  
Because of t he  complexity o f  t h e  problem and t h e  r e l a t i v e l y  small  
s to rage  capac i ty  of t he  IBM 1620 computer, t h e  fol lowing s t r a i g h t -  
forward method w a s  adopted: A t r i a l  va lue  of T is  read i n t o  t h e  program; 
t h e  r i g h t  and l e f t  hand s i d e s  o f  Equation (3.17) a r e  computed, where T~ 
equals  t h e  t r i a l  va lue ;  and t h e  d i f f e rence  between r i g h t  and l e f t  hand 
t 
sides of  Equation (3.171, D ( T  ), i s  p r in t ed  a long  with t h e  corresponding 
t 
T~ value.  
observe the  t rend  of D ( T  1 from t h e  va lues  of  D ( T  ) and con t inua l ly  
Thus a t  any t i m e  during t h e  e n t i r e  computation, one can 
t t 
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improve h i s  choice of t r i a l  values. There e x i s t  two s o l u t i o n s  t o  
Equation (3 17) .  t he  t r i v i a l  so lu t ion ,  T = 0, ,D(o) 0 ,and some 
value (say T 1 between T~ = 0 and T~ = T~~ (O(T,) = 9 e Hence, t h e  
curve of  t h e  func t ion ,  D ( T ~ ) ,  must c r o s s  t h e  "T" a x i s  a t  T 
t r i v i a l  s o l u t i o n  t o  Equat ion(3 17) 
* t ( .k =I 
t -  * 
t h e  non- 
t' 
As soon as a change i n  t h e  s i g n  
of D(T ) occurs ,  one can e i t h e r  ex t r apo la t e  t h e  curve D(T ) t o  g e t  
t t 
T ~ >  o r  read in a "f%iier" s e t  of po in t s  iii tbe f i e fg t ib i~ t io~d  w%ere 
D ( T  ) changes i n  s i g n ,  and thus  narrow the  range o f  T 
* 
values .  By t t * 
t cont inuing t h i s  l a t t e r  p rocess ,  T can  be evaluated t o  four  d i g i t  
accuracy. 
The bulk o f  t he  program w a s  i n  e v a l u a t i n g  t h e  exponent ia l  i n t e -  
g r a l s ,  E2(x)  and E (x ) ,  and t h e  four i n t e g r a l s  of Equation ( 3 . 1 7 ) .  
E (x) and E (x) were evaluated by f i r s t  reducing them t o  the f i r s t  
exponent ia l  i n t e g r a l ,  E1(x), by the r e l a t i o n  (Chandrasekhar, 1960): 
3 
2 3 
-X 
n E (x) = e - x E (x) n+l n 
and then  e v a l u a t i n g  E1(x)  from the fol lowing approximation: 
n=l 
f o r  x 1, - 
where 7 = 0.5772157, and : 
+ a l x +  a x 2 + a x3 + x] 
2 3 
1 2 3 
-X 
X 
e 
2 3 E1(x)  x - + b x + b x  + b x  + x  
5s 
a = .2677737 
0 
al = 8.634761 
a = 18.05902 
a = 8.573329 
b = 3.958497 
bl = 21.09965 
b = 25.63246 
b3 = 9.573322 
2 
3 
0 
2 
f o r  x > 1. 
Hast ings (1955) r e spec t ive ly ) .  
(These equat ions a r e  derived by Chandrasekhar (1960) and 
Since t h e  f o u r  i n t e g r a l s  of Equation 
(717) a r e  of t he  s a m e  form, t he  problem of t h e i r  s o l u t i o n s  reduces t o  
eva lua t ing  i n t e g r a l s  o f  t he  form: ' 
where cx and c a r e  cons tan ts .  
der ived from Weddle's r u l e ,  which i s  (Kunz, 1957): 
The approximation t o  t h i s  i n t e g r a l  i s  
b 
f ( x )  dx = z h  3 (fo + 5fl + f 2  + 6f3  + f4 + 5f5 + f6> 9 s 
a 
where the  i n t e r v a l  of i n t e g r a t i o n ,  b - a ,  is  divided i n t o  s ix  equal 
sub - in t e rva l s  of l ength ,  
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and 
f = f (a)  
f l  f (a i- h )  
f2  = f (a + 2h) 
(3 
f6 = f (a + 6h) = f (b) 
This  equat ion  can be s l i g h t l y  general ized t o  inc lude  any i n t e g r a l  
E u l t i p l e  of s i x  (say N, where N = 61, I = 1, 2, 3, ....) po in t s .  
This  is done by d iv id ing  the  i n t e r v a l  @I - d by N and us ing  W e d d l e P s  
r u l e  f o r  each of t he  fol lowing r i g h t  hand terms: 
@-a) 2 (b-a) 1 f ( x )  d x  = J+f(x)  dx + f :(XI Ndx + ... + 1 fgx) dx 
a 
N 
@-a) a + (N-1) a (b-a) N a +  
Let 
(k = 1, 2, N) 
~ (3 .19)  I 
and Equation (3.19) reduces to :  
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(fo t. f6 + f12 + ...+ f ) + 
N 
3 (b - a)  f (x)  dx = 10 s a 
+ ( f 2  + f4 + f6  + ...+ fN 2) + ( f3  + f g  + f15 + ...+ fN-J  + 
7 
+ 5 ( f l  + f3 + f 5  + ... f N - J j  D 
I n  t h e  problem a t  hand, 
a F(x) = x EZ(c + x) . 
and I i s  made equal  t o  t h e  l a r g e s t  i n t e g e r  i n  the  l eng th , (b  - a> thus  
making t h e  number of po in t s ,  N = 61, p ropor t iona l  t o  t h e  l eng th  t o  
i n t e g r a t i o n .  
Once the  value of -rt s a t i s f y i n g  Equat ion(317)  i s  found, T /T is 
g e  
r e a d i l y  ca l cu la t ed  from Equation (3B),  f o r  t he  i n t e g r a l s  and exponent ia l  
i n t e g r a l s  of Equation ( 3  E) a r e  i d e n t i c a l  t o  those  of Equation (3.17) .  
The exponent ia l  i n t e g r a l s ,  E2(x) and E3(x) of Equations (3.18) and 
( 3  19)  are accura te  t o  seven p laces ,  and t h e  i n t e g r a l s  of Equations 
( 3  .2’ and ( 3  19) a r e  accu ra t e  t o  fou r  p l aces ,  and thus  D ( T  ) i s  accu ra t e  
t o  f o u r  digits. Since numerical  values  of T and T /T t o  only  t h r e e  
d i g i t  accuracy w e r e  d e s i r e d ,  t he  e r r o r s  propagated i n  t h e  computations 
l i e  ou t s ide  the  scope of i n t e r e s t .  
p l aces  can e a s i l y  be achieved [by increas ing  t h e  number of p o i n t s  i n  
the  i n t e g r a l  approximation Equat ion(3 20)jthrough minor program changes, 
t 
t g e  
However, accuracy up t o  seven 
(3.20) 
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Computations were performed with the  two-layer model f o r  99% 
c loud iness ,  and f o r  s e v e r a l  values of T , k ,  and p t h a t  might be ap- 
p l i c a b l e  t o  Venus. The r e s u l t s  of these computations a r e  summarized i n  
Table 3 . 3 .  In  t h e  f i r s t  set of c o q a t a t i o n s  i n  this t a b l e ,  t he  cloud- 
t op  temperature i s  assumed t o  be 240 K and k is equal t o  e i t h e r  0.286 o r  
0.25. 
r e q u i r e s  an i n f r a r e d  opac i ty  of about 3, and a s u r f a c e  temperature of 
about 700 K r e q u i r e s  an i n f r a r e d  opaci ty  of about 6 o r  7 .  These r e s u l t s  
g 
0 
From t h i s  se t  it can be seen t h a t  a su r face  temperature of - 600°K 
0 
a r e  i n  c l o s e  agreement w i t h  t h e  r e s u l t s  of t h e  one-layer model computations. 
The reason f o r  t h i s  agreement i s  the r e l a t i v e l y  t h i n  s t r a t o s p h e r e  ( i n  t e r m s  
of mass), which does n o t  g r e a t l y  change the outgoing r a d i a t i o n  from t h a t  
computed f o r  t he  one-layer model. The r a t i o  T /T which i s  equ iva len t  
t o  r a t i o  of tropopause p re s su re  t o  su r face  p re s su re ,  i s  seen t o  be  of t h e  
order  of 1 o r  2% i n  t h i s  set of computations. The second set of Venus 
t g' 
computations i s  based upon an atmospheric model suggested by Kaplan 
(1962). 
For t h i s  model atmosphere an i n f r a r e d  opac i ty  of about 7 i s  r equ i r ed  t o  
Kaplan's values  of  k and p a r e  used f o r  t hese  computations. 
0 produce a su r face  temperature of 700 K. The r a t i o  T / T  f o r  t h i s  se t  i s  
of t h e  o rde r  2x10 . 
t g  
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A comparison of t h e  one-layer and two-layer greenhouse models f o r  
t h e  case of no clouds and a l apse - ra t e  of 0 .9  t i m e s  t h e  a d i a b a t i c  l a p s e  
r a t e  i s  shown i n  Figure 3 . 3 .  This diagram shows t h e  v a r i a t i o n  of t h e  
magnitude of t he  greenhouse e f f e c t  with inc reas ing  i n f r a r e d  opac i ty .  
A s  one would expect ,  t h e  magnitude of t h e  greenhouse e f f e c t  i s  g r e a t e r  
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TABLE 3 . 3  
MAGNITUDE OF GREENHOUSE EFFECT, T /Te, 
ON VENUS FOR TWO-LAYER  MODEL^ 
2.5 ,286 .041 .99 .024 2.49 590 
3.0 .25 .026 .99 .013 2.48 588 
5 . 0  .286 .03 .99 ,016 2.75 652 
6.0 .286 .024 .99 .013 2.95 699 
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f o r  t h e  one-layer model. Also shown i n  Figure 3 .3  i s  the  v a r i a t i o n  of 
T ~ / T ~ ,  o r t h e  r a t i o  of tropopause pressure t o  su r face  p re s su re ,  with 
atmospheric i n f r a r e d  opac i ty ,  T . The v a r i a t i o n  i s  such t h a t  a s  t he  
i n f r a r e d  opac i ty  i i x r s a s e s ,  : /.: dccrzases ,  and, hence, t he  t r ~ p c p a u s e  
h e i g h t  increases .  
g 
t g  
We may conclude from t h e  computations w i t h  the two-layer model 
t h a t ,  a s  f a r  a s  t he  r e s u l t s  f o r  Venus a r e  concerned, there i s  a n e g l i g i b l e  
d i f f e r e n c e  between the  one-layer and two-layer greenhouse models. 
3 .1 .5  Applicat ion t o  Other P lane ts .  Since both the  one-layer 
and two-layer models a r e  q u i t e  general ,  they can be appl ied  t o  o the r  
p l a n e t s ;  and s ince  t h e r e  a r e  a number of u n c e r t a i n t i e s  i n  the  models, 
such a p p l i c a t i o n ,  e s p e c i a l l y  t o  Mars and Ear th ,  where t h e  va lues  of t h e  
parameters a r e  b e t t e r  known, provides a t es t  of t h e  models. 
For Mars, t he  fol lowing values f o r  t he  parameters a r e  assumed: 
T = 219OK (corresponding t o  an albedo of 0 .15) ;  no clouds;  T- = 0.5  
( a f t e r  Arking, 1962);  and a l apse - ra t e  of n ine- ten ths  of t h e  a d i a b a t i c  
l apse - ra t e  (k = 0.25). With t h e  two-layer model, a computation I:L>S 
a l s o  made with an a d i a b a t i c  l apse  r a t e  (k = 0.286). 
p resented  i n  Table 3 . 4 .  
0 e 
The r e s u l t s  a r e  
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TABLE 3 . 4  
MAGNITUDE OF GREENHOUSE EFFECT ON MARS 
FOR ONE-L'.YER AM) TWO-LAYER MODELS 
~ -~ ~~ ~~~~ ~~ 
0.5 0.25 0 219 1.096 240 1.08 2 37 0.42 
0 . 5  0.286 0 219 1.096 240 0.44 
The computed s u r f a c e  temperatures of 237OK t o  240°K a r e  i n  
0 reasonable  agreement with t h e  est imate  of about 230 K obtained i n  a more 
e l a b o r a t e  t reatment  (Ohring, e t  a l . ,  1962). The computed s u r f a c e  
temperature f o r  t h e  one-layer mode1 i s  3 K h ighe r  than f o r  t h e  two-layer 
model. In  t h e  two-layer model, one of t h e  r e s u l t s  of t h e  computation 
i s  the  r a t i o  of tropopause p re s su re  t o  s u r f a c e  p re s su re ,  represented by 
T / T  
v e r t i c a l  d i s t r i b u t i o n  of temperature i n  t h e  Martian atmosphere (Ohring, 
1963), t he  r a t i o  of tropopause pressure t o  s u r f a c e  p re s su re ,  a s  determined 
from t h e  computed temperature versus p re s su re  curve,  was found t o  be 
about 0 .6 .  
0 
which t u r n s  ou t  t o  be about 0.4 .  In  a compatation of t h e  average 
1. g ' 
For Earth,  t he  va r ious  parameters a r e  s p e c i f i e d  a s  fol lows.  The 
i n f r a r e d  o p a c i t y ,  T of t he  atmosphere i s  taken t o  be 1 . 6 ,  which cor-  
responds t o  an i n f r a r e d  f l u x  t r a n s m i s s i v i t y  of lo%& The cloud-tops a r e  
assumed t o  be  loca ted  a t  one l e v e l  i n  t h e  atmosphere, which i s  taken t o  
g '  
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be  500 mb; hence, p = 0.5.  This i s  an average value based upon an 
a n a l y s i s  of t he  c l ima to log ica l  cloud s t a t i s t i c s  presented by London 
(1957), which l e d  t o  a value of about 5 km f o r  t h e  average cloud-top 
h e i g h t .  The average  amount of cloudiness is  about 50% (London, 1'957;. 
With a p l ane ta ry  albedo of 0.35 (London, 1957), Te is  252'K. Although 
t h e  observed value of t he  l apse - ra t e  i n  the  Ea r th ' s  atmosphere, about 
6 K/km, corresponds t o  a k value of 0.176, computations with the  one- 
l a y e r  model w e r e  a l s o  performed with k = 0 . 2 5 ,  corresponding t o  a lapse-  
r a t e  of 0 .9  times the  a d i a b a t i c  lapse r a t e .  The r e s u l t s  of t h e  l a t t e r  
computation might be i n d i c a t i v e  of u n c e r t a i n t i e s  t o  be expected i n  the  
computations f o r  Mars and Venus, - i f  t h e  a c t u a l  l a p s e  r a t e s  i n  t h e i r  
atmospheres a r e  s u b s t a n t i a l l y  d i f f e r e n t  from t h e  ones w e  assumed. The 
r e s u l t s  of t h e s e  computations a r e  shown i n  Table 3.5. 
0 
TABLE 3.5 
MAGNITUDE OF GREENHOUSE EFFECT ON EARTH 
FOR ONE-LAYER AND TWO-LAYER MODELS 
1 . 6  0.25 0 . 5  C.5 252 1.33 335 
1 . 6  0.176 0 . 5  0.5  252 1 . 2 4  31 3 1.186 299 0.181 
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The observed average s u r f a c e  temperature f o r  t h e  Earth i s  288OK.  
With t h e  one-layer model and with k = 0.25,  t he  computed s u r f a c e  
temperature i s  q u i t e  a b i t  h ighe r  than 288 K.  With k = 0.176, t h e  
one-layer  zcdcl p r e d i c t s  3'3 K, which, alchough c l o s e r  t o  t h e  observed 
temperature,  i s  s t i l l  almost 10% higher .  The two-layer model, with 
k = 0.176, comes c l o s e s t ,  a s  expected, with a temperature of 299 K. 
These c a l c u l a t i o n s  i n d i c a t e  t h e  magnitude of t h e  u n c e r t a i n t i e s  t o  be 
expected when t h e  greenhouse model i s  app l i ed  t o  o t h e r  p l a n e t s .  
0 
0 
0 
It i s  of i n t e r e s t  to no te  t h a t  t h e  computed r a t i o  of tropopause 
p re s su re  t o  s u r f a c e  p re s su re  f o r  the two-layer model, ( 7  / ?  ), i s  
0.181. This i s  i n  good agreement with the  observed average value of 
about 0 .2  i n  t h e  E a r t h ' s  atmosphere. 
t g  
F>r t h e  Earth,  another  set of computations was performed. The 
purpose of t h e s e  computations was to  estimate the  average s u r f a c e  
temperature under d i f f e r e n t  condi t ions of average cloud amount. Cloud 
amount has  a dual  i n f luence  on su r face  temperature.  For example, an 
inc rease  i n  the amount of cloudiness w i l l ,  on t h e  one hand, i nc rease  
the  E a r t h ' s  p l ane ta ry  albedo, thus causing a decrease i n  t h e  amount of 
s o l a r  r a d i a t i o n  a v a i l a b l e  t o  h e a t  the Ea r th ,  which would l e a d  to  a 
decrease i n  average s u r f a c e  temperature, and, on t h e  o t h e r  hand, 
i n c r e a s e  t h e  magnitude of t h e  greenhouse e f f e c t ,  which would l e a d  t o  
an i n c r e a s e  of average s u r f a c e  temperature.  It i s  of i n t e r e s t  t o  
e s t ima te  the  changes i n  average su r face  temperature t h a t  would occur 
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if the average amount of cloudiness was changed substantially from its 
present value of about 50%. In particular, we shall determine the 
average surface temperature for 90% cloudiness, and for no clouds or 
totally clear skies. 
For the present average amount of cloudiness, 50%, the planetary 
albedo is 35%, and for totally clear skies, the planetary albedo is 
15%; both of these values are based upon computations by London (1957). 
The planetary albedo for the case of 90% cloudiness is assumed to be 
50%, based upon an extrapolation of the albedo for no clouds and the 
albedo for 50% cloudiness. The amounts of cloudiness and the corre- 
sponding planetary albedos are shown in Table 3.6. 
TABLE 3 . 6  
Amount of cloudiness (%> 0 50 90 
Planetary albedo (%) 15 35 50 
For these computations, it is assumed that there are no changes 
in atmospheric infrared opacity, in temperature lapse-rate in the 
troposphere, and in the height of the cloud-tops; these parameters are 
assumed to remain constant at their present values of T 
- 6 . 0  K/km (k = 0.176) ,  and p = 0.5 ,  as the amount of cloudiness changes. 
The results of these computations, and the computation for present 
average cloudiness, are shown in Table 3.7. 
dT - = 1 . 6 ,  -- g dz 
0 
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I 
I TABLE 3 . 7  
CHANGES I N  THE AMOUNT OF CLOUDINESS AND THE AVERAGE 
SURFACE TEMPERAn'RE OF THE EARTH 
Amount of Cloudiness(%) Tg'Te 
0 1.13 270 30 5 0.263 
50 1.186 252 299 0.181 
0.131 90 1 . 2 3  2 36 290 
I f  t he  cloud amount i s  increased t o  90%, we no te ,  from Table 3 .7 ,  
0 t h a t  t h e  su r face  temperature would be 290 K ;  t h i s  r ep resen t s  a decrease 
of 9 K from t h e  computed va lue  of the p re sen t  average su r face  temperature .  
I f  a l l  c louds a r e  e l imina ted  from the atmosphere, t h e  su r face  temperature 
would be  305 K;  t h i s  r ep resen t s  a n  increase  of 6 K above the  computed 
value of t h e  p re sen t  average su r face  temperature.  Thus, i t  appears  t h a t  
even wi th  q u i t e  dramatic changes i n  the  amount of c loudiness ,  t he  E a r t h ' s  
average su r face  temperature would change by less than 10 K .  This i s  due 
t o  the  oppos i te  e f f e c t s  t h a t  c loudiness  has  on t h e  average s u r f a c e  
temperature.  
0 
0 0 
0 
The l a s t  column of Table 3.7 shows t h e  computed v a r i a t i o n  with 
c loudiness  of t h e  r a t i o  of tropopause p re s su re  t o  su r face  p re s su re .  This 
i s  seen  t o  decrease with inc reas ing  c loudiness .  
More d e t a i l e d  computations of changes i n  t h e  E a r t h ' s  su r f ace  
temperature a s  a r e s u l t  of changes i n  average cloud amount would have t o  
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cons ider  t h e  changes i n  atmospheric water vapor content,  v e r t i c a l  
temperature  s t r u c t u r e ,  and average he ight  of clouds t h a t  would probably 
accompany l a r g e  s c a l e  changes i n  the t o t a l  amount of clouds.  However, 
ihe present computations do y i e l d  some i i i s igh t  on the  e f f e c t  of changes 
i n  c loudiness  on the Ear th ' s  sur face  temperature,  and should be use fu l  
i n  s t u d i e s  of c l i m a t i c  change. 
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ATMOSPHERE 
t i o n  t h a t  is  not  r e f l e c t e d  back t o  space reaches t h e  su r face  of t h e  p l ane t .  
3 .2 .1  In t roduct ion .  I n  greenhouse models of t h e  Venus atmosphere, 
it i s  gene ra l ly  i m p l i c i t l y  assumed tha t  t h e  po r t ion  of t h e  s o l a r  r ad ia -  
I t h i c k  atmosphere of t h e  p l ane t ,  and in  t h e  cloud l aye r .  Since t h e  compo- 
s i t i o n  of t h e  cloud layer  is unknown, i t  is  d i f f i c u l t  t o  es t imate  how 
much dep le t ion  of t h e  s o l a r  beam takes p l ace  i n  t h e  clouds.  Est imates  of 
d i r e c t  absorp t ion  by t h e  atmosphere a r e  a l s o  d i f f i c u l t  s i n c e  t h e  atmos- 
phe r i c  composition is  uncer ta in ,  carbon dioxide being t h e  only gas d e f i -  
n i t e l y  de tec ted .  I n  t h i s  s ec t ion ,  we at tempt  t o  estimate t h e  amount of 
s o l a r  r a d i a t i o n  absorbed by t h e  near - inf ra red  bands of carbon dioxide i n  
t h e  Venus atmosphere. 
3 .2 .2  Methodolopy. Howard, Burch and W i l l i a m s  (1956) have presented 
empir ica l  formulas r e l a t i n g  absorpt ion t o  path length and p r e s s u r e  for 
s e v e r a l  CO bands. 
t h e  empir ica l  equat ions a r e  of t h e  form 
For weak absorpt ion by a minor atmospheric c o n s t i t u e n t ,  2 
A = [ A  d r , = c [ u p  2k ] 1 / 2  
V 
(3.21) 
"1 
where A is t h e  band absorp t ion ,  A i s  t h e  absorp t ion  a t  wavenumber v, u 
V 
is  t h e  absorber  pa th  length  i n  cm NTP, and p i s  t h e  atmospheric p re s su re  
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i n  mm Hg.  The values of t h e  empir ical  cons t an t s  c and k vary from band 
V 
? o  band. For s t ronge  absorpt ion (where A dv i s  g r e a t e r  than a n  em- J 2v 
"1 
p i r i c a l  va lue  t h a t  v a r i e s  from band t o  band) they obtained 
"2 
K /D A = [A d, = C + D log  up 
J " (3.22) 
The empir ical  cons t an t s  f o r  t he  d i f f e r e n t  bands of i n t e r e s t  of t h i s  
study a re  shown i n  Table 3.8. 
The column l a b e l l e d  "Determining A" provides t h e  b a s i s  f o r  u s ing  
e i t h e r  t h e  weak o r  s t r o n g  f i t .  
A model atmosphere h a s  been constructed f o r  Venus by Kaplan (1963), 
and t h i s  can be used t o  o b t a i n  an estimate of t h e  t o t a l  CO pa th  length 
u. The path length can be determined from 
2 
ul 
(3.23) 
where m is t h e  molecular weight of carbon dioxide,  m is  t h e  molecular 
weight of t h e  Venus atmosphere, p i s  t h e  d e n s i t y  of carbon dioxide,  p '  
i s  t h e  dens i ty  of COP at STP, (pc/pv) i s  t h e  volume percentage of CO 
C V 
C C 
2' 
i s  g r a v i t y ,  and p is  s u r f a c e  pressure.  Using t h e  va lues  m = 44; m = 
29.6; p /  = 1.94 x 10 
0 C V 
-3  -2  
g ~ m - ~ ;  ( ~ i  /p ) = 0.10; g = 900 cm sec ; and p = 
C c v  0 
7 -2  6 
10 a t m  = 10 dynes cm , w e  o b t a i n  u = 1.1 x 10 cm STP. 
7 1  
I 
TABLE 3 8 
mIRIcbL IZEIATIONS HIR C02 BAWS 
Weak F i t  
Determining A 
-1 C K 
Band Band L i m i t s  
( cr) (cza-') (= 1 
5 . 2  1870 - 1980 -024 .40 
4.8 1980 - 2160 1 2  37 
4.3 
2.7 3480 - 3800 3.15 .43 
2.0 4750 - 5200 492 .39 
1.6 6000 - 65M -063 38 
1.4 665O - 7250 -058 .41 
2160 - 2500 -- -- 
< 30 
60 
50 
50 
80 
80 
80 
Strong F i t  
K 
4.3 2160 - 2300 27.5 34 31.5 
2.7 3480 - 3800 -137.0 77 68.0 
2.0 4750 - 5200 -536 0 138 114.0 
i 
Examination of Equation (3.21) f o r  t h e  weak f i t  and t h e  weak f i t  
p a r t  of Table 3 . 8  revet ' s  t h a t ,  w i t h  t h i s  much carbon d ioxide  and wi th  
t h e  p re s su res  p reva i l i ng  on Venus, t h e  s t rong  f i t  m u s t  be used f o r  a l l  
t h e  carbon d ioxide  Sands. Ih fo r tuna te ly ,  s e v e r a l  of t h e  bands do not  
have s t rong  f i t  r e l a t i o n s .  However, King (1963) has  developed a theore-  
t i c a l  r e l a t i o n s h i p  between some of the  cons t an t s  i n  t h e  s t rong  and weak 
f i t s ,  and w e  can use t h i s  r e l a t i o n s h i p  t o  ob ta in  an es t imate  of t h e  neces-  
s a r y  s t rong  f i t s .  King 's  r e l a t i o n s h i p  is  
(3.24)  C 21, log .8686 D + - = - -43436 
where 6 = 0.981 
Thus, given D and C one can estimate c .  However, we would l i k e  t o  
o b t a i n  e s t ima tes  of D and C, given c. I n  order  t o  accomplish t h i s ,  w e  
have assumed t h a t  t h e r e  i s  an approximate r e l a t i o n s h i p  between D and 
C of t h e  form D = a + b C. From Howard e t  a l ' s  va lues  of D and C f o r  
CO bands, w e  have determined, by a l e a s t  squares  procedure, t h e  r e l a t i o n -  2 
sh ip  
D = 4 3 . 9  - ,180 C (3 .25)  
By s u b s t i t u t i n g  t h i s  r e l a t i o n  in  Equation (3.24) we now have a means 
of determining C ( t h e  s t rong  f i t  cons tan t )  from c ( t h e  weak f i t  cons t an t ) .  
This  has  been done f o r  t h e  5.21-1, 4 . 8 ~ ,  1.61-1, and 1.4~ bands, and these  
' r e s u l t s  a s  w e l l  a s  t h e  Howard e t  a1 r e s u l t s  f o r  4 . 3 ~ ,  2.7p, and 2.01 are 
shown i n  Table  3.9. 
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TABLE 3 9 
STRONG FIT BELATIONS FOR C02BANDS 
Band 
(c3 
Band L i m i t s  
6 5  
C D K 
5.2 1870 - 1980 -49.5 52.8 ---- 
87.6 ---- 
4.3 2160 - 2500 27.5 34.0 31.5 
2.7 3480 - 3800 -137.0 737.0 68.0 
2.0 4750 - 5200 -536.0 138.0 114.0 
1.6 6000 - 6550 -137.0 68.6 ---- 
1.4 6650 - 7250 -127.0 66.0 ---- 
4.8 1980 - 2160 -243.0 
=- Q pK’D dp 
L r 
0 
I n t e g r a t i o n  of t h i s  -.xpression y i e l d s  
3 
= 7.6 x 10 mm, and K / D  = 0 . 9 ,  t h e  reduced 5 ’ Po With u = 1.1 x 10 c m  STP 
pa th  lengch ‘ s  equal  t o  9 x 10 . 
0 
3 
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The va lues  f o r  4 . 3 ~ ,  2 . 7 ~ ~  and 2 . 0 ~  i n d i c a t e  t h a t  t h e  r a t i o  K / D ,  
needed f o r  Equation (3.22) ,  i s  about 0 .9 .  We have t h e r e f o r e  assumed 
t h a t  K / D  i s  equal  t o  0 .9 ,  independent of band. 
W e  can write Equation (3.22) i n  t h e  fo l lowing  form 
A - C + D log u ( 3 . 2 6  j r 
u (P2) 
d P , >  
K /D / K/D 
where u up f o r  a pa th  a t  constant  pressure ,  and u - P du r r -,i 
f o r  a pa th  throcgh a:i a t r o s p h e r e  with va ry ing  pressure .  For t h e  atmos- 
phere  of Vcnus, we mist u s e  t h e  second r e l a t i o n s h i p  €or  u . Since  t h e  
CO mixing r a t i o  is cons t an t  w i th  a l t i t u d e ,  t h e  CO pa th  l eng th  i s  d i r e c t l y  
proporLiona1 t o  pressure ,  and we have u = clp, du = adp, and u 
where u is t h e  t o t a l  CO, pa th  length,  and p i s  s u r f a c e  p re s su re .  
r 
2 2 
= m0, 0 
0 L 0 
(’.. 27) 
3.2.3 Computations and R e s u l t s .  The absorp t ion  A can now be com- 
puted f o r  each of t h e  bands i n  Table 3.9 wi th  t h e  use of Equation (3.26). 
The f r a c t i o n a l  abso rp t ion  of each of these  bands can be obta ined  from 
-1 where Av is t h e  width of t h e  band i n  cm . The computed values of f r a c -  
t i o n a l  absorp t ion ,  a, a r e  shown i n  Table 3.10 .  
Since t h e  real va lue  of t h e  f r a c t i o n a l  a b s o r p t i v i t y  cannot be 
g r e a t e r  than uni ty ,  a l l  bands with computed va lues  of a g r e a t e r  than one 
were assumed t o  have f r a c t i o n a l  a b s o r p t i v i t i e s  of un i ty .  
I n  order  t o  compute t h e  absorpt ion of s o l a r  r a d i a t i o n  i n  t h e  Venus 
atmosphere by t h e s e  CO bands, w e  must f i r s t  determine t h e  amount of s o l a r  
energy a v a i l a b l e  f o r  absorp t ion .  This amount depends e s s e n t i a l l y  upon 
Venus' d i s t a n c e  from t h e  Sun, and t h e  p l ane ta ry  albedo a t  t h e  d i f f e r e n t  
wavelengths. Table 3.11 i n d i c a t e s  t he  s o l a r  r a d i a t i o n  i n t e n s i t i e s ,  a l -  
bedos, a v a i l a b l e  r a d i a t i o n  i n t e n s i t i e s ,  a b s o r p t i v i t i e s ,  and, f i n a l l y ,  
absorbed energy va lues  f o r  each of t he  CO bands. The s o l a r  r a d i a t i o n  
i n t e n s i t i e s  a r e  based upon a 6000 K blackbody Sun, a f a i r  approximation 
i n  t h e  near  i n f r a r e d .  The albedos a r e  a f t e r  S in ton  (1962). The last  
f i g u r e  i n  t h e  last  column is  t h e  t o t a l  amount of s o l a r  r a d i a t i o n  absorbed 
i n  t h e  Venus atmosphere by t h e s e  CO bands. Since t h e  t o t a l  s o l a r  inso-  2 
l a t i o n  a t  t h e  top of t h e  atmosphere i s  about 2650 w a t t s  m-2, t h e  CO ab- 2 
s o r p t i o n  amounts t o  over 3% of t h i s  value.  The i n t e g r a t e d  p l ane ta ry  
2 
2 
0 
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TABLE 3.10 
FRACTIONAL ABSORPTION BY C02 BANDS 
Band (p) a( computed j a (adopted) 
5.2  
4.8 
4.3 
2.7 
2.0 
1.6 
1.4 
3.8 
3.0 
0.98 
1.7 
1 .56  
0.87 
0.79 
1 .0  
1.0 
0.98 
1.0 
1.0 
0.87 
0.79 
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.. 
albedo of Venus is  about 0 .73  (Sinton, 1962), so  t h a t ,  a f t e r  co r rec t ing  
f o r  a lbedo losses ,  t h e  amount of energy remaining before  absorp t ion  
processes  i s  about 715 w a t t s  m The CO absorpt ion,  83.2 w a t t s  m , 
is  about  12% of t h i s  value.  
-2  -2 
2 
W e  may conclude from these  est imates  t h a t  t h e  assumption t h a t  a l l  
of t h e  un re f l ec t ed  s o l a r  r a d i a t i o n  reaches t h e  su r face  of Venus i s  i n  er- 
ror by a t  least  12%, s i n c e  CO a lone  is  capable  of absorbing t h i s  amount. 
Absorption by the  clouds and o ther  atmospheric cons t i t uen t s  would inc rease  
2 
t h i s  f i g u r e .  
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3 . 3  RADIATIVE EQUILIBRIUM DISTRIBUTION OF TEMPERATURE BELOW THE VENUS 
CLOUD LAYER 
3 . 3 . 1  In t roduc t ion .  Observational evidence i n d i c a t e s  t h a t  t h e  
p l ane t  Venus i s  covered by an extensive cloud l a y e r .  It i s  of i n t e r e s t  
t o  a t t e q t  a t h e o r e t i c a l  determination of the vertical v a r i a t i o n  of 
temperature between the s u r f a c e  of  the p l ane t  and the  base of t h e  cloud 
l a y e r .  
temperatures.  
and s u r f a c e  i s  i n  i n f r a r e d  r a d i a t i v e  equi l ibr ium, w e  can compute a r a d i a -  
t i v e  equ i l ib r ium temperature d i s t r i b u t i o n  between these  two levels. 
computed temperature d i s t r i b u t i o n  may serve as a u s e f u l  estimate of the  
a c t u a l  temperature d i s t r i b u t i o n ,  i f  t he  assumption and model used f o r  
t he  computations are no t  t oo  u n r e a l i s t i c .  
a technique f o r  making t h i s  kind of computation, and apply i t  t o  t h e  
atmosphere of Venus. 
Estimates are a v a i l a b l e  f o r  t h e  s u r f a c e  temperature and the  cloud 
I f  w e  assume t h a t  the atmosphere between the cloud base 
The 
I n  t h i s  s e c t i o n ,  we develop 
3 . 3 . 2  Methodology. It i s  assumed t h a t  t he  cloud l a y e r  completely 
covers  t h e  sky and t h a t  both the  cloud base and p l ane ta ry  s u r f a c e  r a d i a t e  
as  blackbodies a t  f i x e d  temperatures.  It i s  f u r t h e r  assumed t h a t  t he  
atmospheric l a y e r  between the cloud base and p l a n e t a r y  s u r f a c e  i s  a 
grey absorber  and i s  i n  i n f r a r e d  r a d i a t i v e  equ i l ib r ium.  The n e t  
i n f r a r e d  f l u x  a t  any opac i ty  l e v e l  z w i t h i n  t h i s  atmospheric l a y e r  can 
then be w r i t t e n  as 
80 
'5 
<;,2aj 
Sb z F(T) = 2B(o)E3(?) - 2B(b)E3(zb - T)+ 2JB(t)E2(-r-  t ) d t  - 2 B(t)E2(t  - 7)dt  
0 
z 
where T =Jkpdz,  k being the grey absorption c o e f f i c i e n t ,  p the  dens i ty  of 
t he  absorbing gas, and z the  height ;  B(o) is the  blackbody r ad ia t ion  f lux  
from the sur face ;  B(b) is the  blackbody r ad ia t ion  f l u x  from the  cloud base; 
B(t) is t he  blackbody flux a t  any leve l  wi th in  the  atmosphere; and E ' s  are 
exponential  i n t eg ra l s .  The inf ra red  opac i ty  is taken a s  zero a t  the  sur face ,  
increas ing  t o  T a t  t he  cloud base (see sketch) .  b 
- i o .-{ Planetary Surfac 
Under conditions of r a d i a t i v e  equi l ibr ium = 0 .  Dif fe ren t i a t ing  
Equation ( 3 . 2 d h i t h  r e spec t  t o  7 ,  one obta ins  
dF 
d7 B(b)EZ(Tb- T) - B(o)E2(-r) - l B ( t ) E l ( T  - t ) d t  - B(t)El(t  - . r)dt+ 2 B(7). s - P -  
0 0 ( 3  29)  
S e t t i n g  this expression equal €0 zero and solving f o r  B(T),  one obta ins  
81 
This equation can be written in terms of temperature with the use 
of the  relationship B = 0T4; one then obtains 
We would like to obtain T(T) from this equation, 
1 
T - tl)dt (3.31) 
4 given T ( 0 )  , 
4 T (b), and T ~ .  
used to obtain the required variation of temperature with T. 
The following discussion indicates the numerical techniques 
TI-e object  i s  t o  so lve  the second order  i n t e g r a l  equation, 
'cb 
T4(7) = A(T)+J E(T,t)T 4 (t)dt 
0 
where 
r 1 
and 
for T(T),  the temperature LQ degrees Kelvin, at the point, T, and obtain a 
temperature diatrfbution in the interval, 0 < T 2 f b .  = 
s2 
( 3 . 3 2 )  
The usual procedure fo r  solving t h i s  type of equation is t o  
consider a d i s c r e t e  set of po in ts  (T 1, ‘ IzJ . . . e .  ‘I n ) in the  i n t e r v a l ,  
o C - -  7 < and t o  approximate t h e  in t eg ra l  Equation 63 321 I t  each p o i n t  - -  
as the sum, ’ 
J=1 (3.33) 
where D(T ) is a function of the  i n t e r v a l  AT j - ‘Ij+l- ‘Ij8 depending on 
the  method used f o r  approximating the i n t e g r a l  of Equation ( 3 . 3 2 ) .  
1 
This procedure reduces the  problem to  solving the following 
matr3.x equation, 
where 
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- 1  
Difficulty arises in evaluating Equation 3 365 for Z . ,  hctwtvcr ,  Secause 
the diagonal elements of the kernal are singular, i.e. 
. >  
1 
T3 
'2 
*1 
In the preseQt problem, this anomaly was eliminated by slightly mOaifying 
* 
h ',e T3 = T4(3h) 
- \ * t r +T* - ~ ~ ( 2 h )  - 
t T 1  * = T4(h) - 
the above procedure. The method is outlined below. 
I .  * 
t T  %-I \ n-1 - 
I I 
\ 
\ 
\ 
\ 
1 
\ 
\ 
\ 
Instead of attempting to evaluate the temperature at certain point8 
in the interval 0 < z < qb, the interval is divided into equal rewatr of 
ltngth, h, (see sketch), and the tqserature is considered conmtmt in each 
3 c 1 c  
aegbcnt. a i s  assumption i r  jus t i f id  since the function T(r) i r  regular 
in the interval, and the a e m t ,  b, can be made small en- auch that 
( 3 . 3 5 )  
the change i n  temperature within an9 regneat is negligible. 
84 
Thus, wi th  T(T) cons tan t  i n  each segment, the  i n t e g r a l  of Equation ( 3 . 3 2 )  
can be d i r e c t l y  in t eg ra t ed  over each segment, and t h e  mat r ix  Equation ( 3 . 3 4 )  
reduces t o  t h e  following: 
( 3 . 3 6 )  
(n- l )h  
1 n  2 
(n- l )h  
(T - t ) d t  ....... 
0 
where , 
* 
Tk = T4(kh) 
i J  , I n t e g r a t i n g  t h e  elements of t h e  kernel  matrix, and denot ing them by K 
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-K*2 
-K 
1 -Km (.3 * 37) 
A program has been constructed t o  evaluate Equation ( 3 . 3 7 )  for as 
* 
many as fifteen segments, giving numerical values of T with seven place 
accuracy. 
i 
3 . 3 . 3  Computations and Results. The surface temperature is taken as 
0 700 K ,  based upon the radio-wavelength emission observations. The cloud-base 
temperature is taken as 373OK (lOO°C) based upon the value of about 200°F 
(366'K) given in the report, Mariner: Mission to Venus. This value is only an 
estimate, since the cloud-base temperature has never been measured. The only 
other parameter that must be specified before computations can be performed is 
the infrared opacity of the atmosphere between the surface and the cloud-base. 
Since this parameter is unknown, we have performed computations for a range of 
-cb -zalues, including T 
up Lnto 15 intervals, and temperatures are computed for each interval. The 
= 1, 2, 3 ,  5, and 10. The atmospheric layer is broken b 
results are presented in Table 3.12. In this table the T values are mid-points 
of the layers for which the temperatures were computed. 
86 
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Table 3.12. Radiative equilibrium temperatures below the cloud on Venus. 
a .  
T = 1  b r = 2  b i- = 3  b 
Ground 0 700 0 70G 0 
.03 653 .07 665 .10 
. l o  645 .20 656 .30 
.17 637 .33 647 .50 
.23 630 .47 638 .70 
.30 623 .60 629 .90 
.37 615 .73 620 1-10 
.43 608 .87 610 1.30 
.50 600 1.00 600 1.50 
-57 592 1.13 590 1.70 
.63 584 1.27 578 1.90 
.70 575 1.40 566 2.10 
.77 565 1.53 553 2.30 
-83 554 1.67 539 2.50 
.90 543 1.80 522 2.70 
.97 529 1.93 503 2.90 
Cloud-base 1.00 373 2.00 373 3.00 
n 7 00 U 
672 .17 
662 .50 
652 .83 
643 1.17 
633 1.50 
622 1.83 
612 2.17 
600 2.50 
588 2.83 
575 3.17 
561 3.50 
546 3.83 
529 4.17 
510 4.50 
487 4.83 
373 5.00 
700 0 700 
678 .33 685 
668 1.00 674 
658 1.67 663 
647 2.33 652 
636 3.00 640 
625 3.67 628 
613 4.33 614 
600 5.00 600 
586 5.67 585 
572 6.33 568 
556 7.00 550 
538 7.67 530 
518 8.33 507 
496 9.00 480 
468 9.67 447 
373 10.00 373 
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For a grey atmosphere, the  in f r a red  opac i ty  is  propor t iona l  t o  the  
p re s su re ,  and we can determine t h e  temperature d i s t r i b u t i o n  a s  a func t ion  
of atmospheric pressure.  We take  the va lue  p = 2 x lo-' atm f o r  t he  
p re s su re  a t  the  cloud base; t h i s  value is based upon our  temperature 
of 373OK and t he  te i iqerature  - pressure  =ode1 z t m s p h e r e  presented by 
Kaplan (1963). For the  pressure  a t  t h e  su r face ,  w e  t ake  t h e  va lue  10 a m ,  
aga in  based upon Kaplan's (1963) model. 
For a grey atmosphere, we have 
( 3 . 3 8 )  a 
g 
d T =  aC p dz = - - dp 
where T is i n f r a r e d  opac i ty ,  CI is t he  grey absorp t ion  c o e f f i c i e n t  of t he  
atmosphere, p i s  d e n s i t y  of the  atmosphere, z i s  he igh t ,  and p i s  pres- 
sure .  Therefore,  
(3.39) 
or  
T = - A ~ + B  ( 3 <  40)  
where A = (i ) and B is a constant .  A and B can be determined from 
the  cond i t ions  T = T, a t  p = 2 x 10 
The r e s u l t i n g  r e l a t i o n s h i p  i s  
-1 atm, and T = 0 a t  p = 10 atm. 
10 T~ - 9 .8  T 
(3 .41)  
b T 
P '  
This permits  conversion of opac i ty  (T) values  t o  pressures  (p). We have 
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p l o t t e d  the  computed temperatures versus  pressure  on a semi-log s c a l e ,  
and these  d i s t r i b u t i o n s  a r e  shown as  Figures  3 h to 3.8. The semi-log s c a l e  
is approximately equal  t o  a l i n e a r  he igh t  s c a l e .  On each diagram an 
a d i a b a t i c  curve is a l s o  p l o t t e d  from the  r e l a t i o n s h i p  
( 3 . 4 2 )  
I n  genera l ,  t he  computed temperature curves  are chsrecteiistfrally 
super -ad iaba t ic  i n  t h e  atmospheric l a y e r  c l o s e s t  t o  t he  p l a n e t ' s  s u r f a c e  
and i n  the  l a y e r  immediately below the  cloud top. This  is no t  s u r p r i s i n g ,  
f o r  previous r a d i a t i v e  equi l ibr ium computations have shown t h a t  t h e r e  is 
a d i s c o n t i n u i t y  i n  temperature between t h e  s u r f a c e  and atmosphere a t  t he  
boundary of a l a y e r  i n  r a d i a t i v e  equi l ibr ium (See, f o r  example, Goody, 
1954).  As t he  i n f r a r e d  cpacity,-cb, i nc reases ,  t he  depth of t he  l a y e r s  
w i t h  super -ad iaba t ic  l apse  r a t e s  decreases ,  and the  l apse  r s t d i n  these  
l a y e r s  approach the  a d i a b a t i c  lapse- ra te .  Layers i n  which super -ad iaba t ic  
l apse  r a t e s  a r e  p re sen t  a r e  inhe ren t ly  uns tab le ,and  convect ion and mixing 
w i l l  e f f e c t  a r e d i s t r i b u t i o n  hea t  energy such t h a t  t he  final l apse  r a t e s  
i n  these  l aye r s  w i l l  no t  be super -ad iaba t ic .  Therefore,  i n  those  l a y e r s  
i n  which the  computed l apse  r a t e s  a r e  super -ad iaba t ic ,  t he  a c t u a l  lapse- 
r a t e s  a r e  probably c l o s e  t o  ad iaba t i c .  I n  those l a y e r s  i n  which t h e  
computed l apse  r a t e  is sub-adiabatic,  and t h i s  inc ludes  most of t h e  
atmosphere between t h e  s u r f a c e  and the  cloud-base,  t he  a c t u a l  temperatures  
should be q u i t e  s i m i l a r  t o  the  computed temperatures .  
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Figure 3 l I .  Conqnit td  rad ia t ive  equilibrium temperature d i s t r i b u t i o n  
Letdeen surface and cloud-base on Venus for atmospheric 
infrared opacity of  1 .  Adiabatic temperature d i s t r i b u -  
t i o n  is a l s o  shown. 
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Figure 3 5. Computed radiative equilibrium temperature distribution 
between surface and cloud-base on Venus for atmospheric 
infrared opacity of 2. Adiabatic temperature distribu- 
tion is also shown. 
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Figure 3 6. Computed radiative equilibrium temperature distribution 
between surface and cloud-base on Venus for atmospheric 
infrared opacity of 3. Adiabatic temperature distribu- 
tion is also shown. 
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Figure 37. Computed radiative equilibrium temperature distribution 
between surface and cloud-base on Venus for atmospheric 
infrared opacity of 5. Adiabatic temperature distribu- 
tion is also shown. 
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between surface a d  cloud-base on Venus for atmospheric 
infrared opacity of 10. 
tion is also shown. 
Adiabatic temperature distribu- 
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The a c t u a l  value of the  in f r a red  opac i ty ,  T ~ ,  between the cloud- 
- *  
base and the  sur face  of the  p l ane t  is unknown. 
greenhouse e f f e c t  i n  the Venus atmosphere (Ohring and Mariano, 1964) 
i n d i c a t e  t h a t ,  with 99% cloudiness ,  i n f r a red  o p a c i t i e s  of 6 o r  7 f o r  
t he  e n t i r e  atmosphere a r e  required to  maintain a su r face  temperature 
of 700°K. atm, which is 
2 x of the su r face  presstire, most of  the  atmosphere 8s below t h e  
ciouu base. Consequently , the in f ra red  opac i ty  of the entire a t m -  
sphere is a f a i r l y  good value f o r  the i n f r a r e d  o p a c i t y  of the  sub-cloud 
layer .  Therefore,  the a c t u a l  temperature p r o f i l e  might b e s t  be repre- 
sen ted  by a p r o f i l e  intermediate  between those computed f o r  -rb = 5 
and T = 10. b 
Computations of the  
- 1  Since the  cloud base is located a t  2 x 10 
The r a d i a t i v e  equi l ibr ium temperature p r o f i l e s  computed i n  t h i s  
s tudy  can be considered f i r s t  approximations to t h e  a c t u a l  v e r t i c a l  
temperature s t r u c t u r e  below the  Venus cloud cover.  The c loseness  of 
the  approximation t o  the  a c t u a l  temperature s t r u c t u r e  depends upon 
a number of f a c t o r s .  These inc lude  the  r e a l i t y  of the  phys ica l  model 
u s e d  i n  t h e  computations and the  ex ten t  t o  which the  atmosphere below 
the  clouds is i n  i n f r a red  r a d i a t i v e  equi l ibr ium. 
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3 . 4  SUMMARY AND RECOMMENDATIONS 
Emphasis was placed on the following three topics related to the 
meteorology of the Venus atmosphere - (1) further improvement of the 
greenhouse model for the Venus atmosphere, ( 2 )  the amount of solar 
radiation reaching the surface of Venus, and (3)  the vertical temperature 
distribution between the surface of the planet and the base of the cloud 
layer. 
Two improvements were made in the original greenhouse model. The 
original computations were performed with the assumption that the 
temperature lapse-rate in the Venus atmosphere is constant with altitude 
and is equal to nine-tenths of the adiabatic lapse-rate. Tne use of 
this particular lapse-rate permitted an anlytical integration of the 
radiative transfer equation. The greenhouse equation has now been 
programmed for an I B M  1620 computer is such a manner that any lapse-rate 
can be assumed, the integrations now being performed numerically. In 
particular, computations have been performed for the case of an adiabatic 
lapse-rate. Another improvement concerns the assumption of a constant 
temperature lapse-rate throughout the atmosphere. From analogy with the 
Earth's atmosphere, and on the basis of radiative considerations, one 
can argue that the temperature does not continue to decrease indefinitely 
with height. We have therefore developed a two.-layer greenhouse model 
in which the lapse-rate is constant in the lower layer and equal to zero 
in the upper layer. The height at which the temperature starts to remain 
9 6. 
constant with altitude is predicted by :-he model, which assumes that 
the upper layer is in radiative equilibrium. 
These improvements permit computation of the greenhouse effect for 
any partially cloudy atmosphere that has a troposphere with arbitrary 
constant lapse-rate of temperature and an isothermal stratosphere in 
gross radiative equilibrium. Computations have been performed from 
Venus, Mars, and Earth. 
For Venus, the computations indicate that the greenhouse mechanism 
can explain the high observed surface temperature of about 700°K if 
there is an extensive infrared-opaque cloud-layer at very high levels 
(or low temperatures) in the Venus atmosphere, as well as reasonable 
amounts of carbon dioxide or other infrared absorbing gases in the 
atmosphere. Application of the two-layer greenhouse model to the 
planets Mars and Earth yields predicted average surface temperatures 
that are within 5% of the observed average surface temperatures on 
these planets. 
There are a number of assumptions in the two-layer greenhouse 
model that introduce uncertainties into the computations of the green- 
house effect on Venus. These include the assumptions of a grey atmos- 
phere and an infrared-opaque cloud. There are also some internal 
atmospheric inconsistencies introduced by the model. And, finally, 
there is the implicit assumption that most of the solar radiation that 
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i s  not  r e f l e c t e d  by the clouds reaches t h e  su r face  of t h e  p l a n e t .  
Further  r e sea rch  should be d i r e c t e d  toward removing some of t hese  a s -  
sumptions and r e s t r i c t i o n s ,  o r  eva lua t ing  t h e i r  e f f e c t s .  
A prel iminary s tudy  has  been made of t h e  amount of s o l a r  r a d i a t i o n  
reaching t h e  s u r f a c e  of Venus. In p a r t i c u l a r ,  t h e  amount of s o l a r  
r a d i a t i o n  absorbed by t h e  nea r - in f r a red  bands of carbon dioxide i n  t h e  
Venus atmosphere has  been est imated.  These computations i n d i c a t e  t h a t  
carbon dioxide absorbs about 12% of the u n r e f l e c t e d  s o l a r  r a d i a t i o n .  
Since t h e r e  a r e  presumably o t h e r  absorpt ion processes  i n  t h e  t h i c k  Venus 
atmosphere-cloud abso rp t ion  and absorpt ion by o t h e r  atmospheric gases  
and a e r o s o l s - i t  may be concluded t h a t  t h e  un re f l ec t ed  s o l a r  r a d i a t i o n  
i s  dep le t ed  by a t  l e a s t  12% befo re  reaching t h e  s u r f a c e  of t h e  p l a n e t .  
Further  r e sea rch  should be d i r e c t e d  toward eva lua t ing  the  o t h e r  s o l a r  
r a d i a t i o n  abso rp t ion  processes  i n  the  Venus atmosphere. 
Under the  assumption of i n f r a r e d  r a d i a t i v e  equi l ibr ium, t h e  temper- 
a t u r e  d i s t r i b u t i o n  between t h e  cloud-base and the  s u r f a c e  of Venus has  
been computed. To t h e  e x t e n t  t h a t  t h i s  atmospheric l a y e r  i s  an i n f r a r e d  
r a d i a t i v e  equi l ibr ium, and t o  t h e  e x t e n t  t h a t  t he  assumptions made i n  
the  model a r e  r e a l i s t i c ,  t h e  computed temperature d i s t r i b u t i o n s  r e p r e s e n t  
c l o s e  approximations t o  the  a c t u a l  temperature d i s t r i b u t i o n  i n  t h e  sub- 
cloud l a y e r .  Further  r e sea rch  should be  d i r e c t e d  toward e s t ima t ing  t h e  
temperature p r o f i l e  within the  clouds on t h e  b a s i s  of reasonable  a s -  
sumptions of cloud composition, formation, and condensation thermodynamics. 
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It would be desirable to develop a physical model representing all the 
processes affecting the mean vertical variation of temperature in the 
Venus atmosphere-radiative, convective, and condensation processes- 
from the surface of the planet to levels above the cloud-top. 
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